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The  phenomenon  of  solvatochromism  has  been  used  to 
investigate  the  mechanism  of  retention  in  reversed-phase 
liquid  chromatography  (RPLC) ,  improve  the  estimation  of 
solute  lipophilicity  by  chromatographic  methods  and  develop  a 
convenient  and  continuous  scale  for  examining  changes  in  the 
surface  activity  of  alumina.  The  solvatochromic  method  used 
in  this  work  is  the  popular  ET(30)  scale,  which  is  based  on 
the  visible  absorption  of  the  molecule  2 ,  6-diphenyl-4- 
(2, 4, 6-triphenyl-N-pyridinio) phenolate  (ET-30) . 

The  dynamics  of  the  solvation  layer  of  the  RPLC 
stationary  phase  have  been  studied  from  the  perspective  of 
the  Erp(30)  polarity  of  the  mobile  phase  using  an  homologous 
series  of  normal  alcohols  (methanol,  ethanol,  n-propanol)  as 
the  modifiers.  The  results  imply  that  a  systematic  change  in 
the  extent  of  the  solvation  of  an  octadecyl-derivat ized 
stationary  phase  (C18)  occurs  with  respect  to  the  size  of  the 


organic  modifier,  but  this  relationship  exists  only  under 
specific  eluent  conditions.  Similar  work  with  a 
trimethyl-derivatized  phase  (CI)  provided  no  conclusive 
judgments,  however,  because  of  unpredictable  chemistry  at  the 
Cl/mobile  phase  interface. 

The  estimation  of  the  RPLC  lipophilicity  parameter  log 

k'„  using  solvatochromism  has  been  examined.    It  was  found 

w       3 

that  plots  of  log  k'  versus  ET(30)  for  solutes  using 
different  organic  modifiers  intersected  near  the  ET(30) 
polarity  of  pure  water  and  could  prove  to  be  useful 
predictors  of  log  k'w.  Figures-of -merit  (FOM)  were 
calculated  for  204  sets  of  retention  data  and  results  showed 
the  ET(30)  model  is  reliable  for  the  estimation  of  log  k'w 
because  of  excellent  statistical  confidence  and  an  accurate 
description  of  the  RPLC  partitioning  process.  Correlating 
ET (30) -estimated  log  k'w  values  to  octanol-water  partition 
coefficients  (log  PQW)  expressed  a  very  sensitive  scale  of 
estimating   lipophilicity. 

The  ET(30)  polarity  scale  has  also  been  used  to  examine 
the  surface  polarity  of  alumina  with  the  intent  of  developing 
a  convenient  and  continuous  scale  to  characterize  the  surface 
activity  of  industrial  adsorbents  and  catalysts.  UV-visible 
diffuse  reflectance  spectra  and  adsorption  isotherms  for  the 
dye  on  %-alumina  were  obtained.  Surface  polarity  was  found 
to  vary  with  the  amount  of  water  deactivation  as  well  as 
thermal  activation  of  the  alumina.   Normal-phase  retention 


measurements  showed  a  relationship  between  solute  retention 
and  pre-chromatographic  surface  polarity. 


CHAPTER  I 
INTRODUCTION 


Solvatochromism 


The  phenomenon  of  solvatochromism  was  first  labeled  in 
1922  during  studies  of  the  ultraviolet-visible  absorption 
properties  of  t riphenylcarbinols  and  dibenzalketones  in 
various  solvents  (Hantzsch,  1922)  .  It  could  be  inferred  that 
the  term  stems  from  chromo,  meaning  color,  and  solvato , 
meaning  solvent .  An  operational  definition  is  the  change  in 
the  electro-magnetic  (E-M)  spectrum  of  a  probe  molecule  with 
respect  to  changes  in  the  solvent  or  going  from  the  gas-phase 
to  solution  (Reichardt,  1988)  .  This  change  in  the  E-M 
spectrum  could  be  in  the  form  of  intensity,  width  or 
position.  When  the  intensity  of  a  band  increases  in 
magnitude  going  from  one  solvent  to  another,  it  is  called  a 
hyperchromia  effect  and  likewise  an  intensity  decrease  is 
called  a  hypochromic  effect.  For  movement  of  spectral 
maxima,  a  bathochromic  or  red  shift  is  the  shifting  to  longer 
wavelengths  and  a  hypsochromic  or  blue  shift  is  toward 
shorter  wavelengths . 

Comparisons  can  be  made  between  the  polarities  of 
different  solvents  and  changes  in  a  probe  spectrum.  Polarity 
can  be  defined  as  the  sum  of  all  molecular  properties 


responsible  for  all  interaction  forces  between  solvent  and 
solute  molecules  (Kovats,  1968)  .  If  a  probe  is  sensitive  to 
certain  intermolecular  interactions  in  solution,  the  solvent 
contribution  to  the  overall  chemical  environment  can  be 
determined.  When  a  probe  spectrum  undergoes  a  bathochromic 
shift  with  increasing  solvent  polarity  (i.e.,  if  going  from 
hexane  to  water)  it  is  classified  as  experiencing  positive 
solvatochromism  and  conversely  a  hypsochromic  shift  with 
increasing  polarity  is  categorized  as  negative 
solvatochromism. 

Differences  in  molecular  spectra  between  solvents  arise 
because  of  variations  in  the  types  of  intermolecular 
interactions  present  in  each  solvent  (Suzuki,  1967;  Reichardt 
1988)  .  The  extent  of  the  spectral  difference  depends  on  the 
strength  of  the  interaction  between  the  solute  and  solvent  so 
that  the  weaker  the  interaction,  the  smaller  the  spectral 
change.  Interactions  occurring  in  solution  are  usually  a 
result  of  electrostatic  (ion-dipole,  dipole-dipole , 
dipole-induced-dipole) ,  dispersion,  hydrogen-bonding, 
charge-transfer  and  repulsive  forces  and  these  forces 
influence  the  energy  of  the  excited  state  of  a  molecule. 
Intermolecular  forces  can  be  further  broken  down  into  van  der 
Waals  forces,  which  are  physical  and  nonspecific,  and 
chemical  forces,  which  are  specific  for  particular  molecular 
functionalities.  Dispersion,  electrostatic  and  repulsive 
forces  can  be  considered  physical,  while  hydrogen-bonding  and 
charge-transfer  are  chemical  forces.    Specific  interactions 


are  generally  stronger  because  their  energy  of  association  is 
greater.  For  example,  hydrogen  bonds  have  energies  ranging 
from  5  to  25  kJ/mole  (Brown  and  LeMay,  1981)  while  attractive 
van  der  Waals  forces  are  less  than  1  to  2  kJ/mole  (Kaliszan, 
1987b)  .  Nonpolar  and  nonpolarizable  solvents  such  as 
saturated  hydrocarbons  primarily  inflict  weak,  nonspecific 
dispersion  forces  on  solutes  to  produce  spectra  similar  to 
those  taken  in  the  gas  phase.  Polar  solvents  like  water  and 
methanol  include  many  complicated  and  specific  intermolecular 
forces  and  yield  spectra  broader  and  less  intense  than  in  the 
vapor  state  (Mataga  and  Kubota,  1970) . 

Many  types  of  solvatochromic  polarity  techniques  exist 
using  ult raviolet- vis ible  (UV-VIS),  infrared  (IR), 
fluorescence,  electron  spin  resonance  (ESR)  and  nuclear 
magnetic  resonance  (NMR)  spectroscopies  (Reichardt,  1982; 
Pytela,  1988) .  The  most  popular  method  is  measurement  of  the 
UV-VIS  molar  transition  energy,  ET,  of  an 
interaction-specific  probe.  The  ET  of  a  UV-VIS  band  is  a 
function  of  the  dipolar  symmetries  of  the  ground  and  excited 
states  (Kosower,  1961) .  During  solvation  when  the  dipoles  of 
the  solute  and  solvent  molecules  align  with  each  other,  the 
energy  separation  between  the  ground  and  excited  states  is 
either  increased  or  decreased.  When  the  interactions  become 
stronger  and  more  complicated,  for  instance  adding 
hydrogen-bonding  to  dispersion  interactions,  the  energy 
difference  between  the  two  states  becomes  larger  or  smaller 
even  more.   The  direction  of  a  UV-VIS  shift  ultimately  rel 
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on  the  polarizability  of  the  excited  state  with  respect  to 
the  ground  state  (Suzuki,  1967),  but  solvation  effects  are 
quite  complicated  and  make  band  shift  predictions  difficult. 
Bayliss  and  McRae  (1954)  distinguished  four  limiting  cases 
for  predicting  solvent  effects  based  on  the  type  of 
intermolecular  interaction  and  refractive  index,  but  the 
discovery  of  negatively  solvatochromic  molecules  in  the  late 
1950s  disproved  the  theory.  Dielectric  properties  of 
solvents  can  also  be  useful  predictors  of  polarity  but  they 
often  do  not  correlate  with  spectral  shifts  (Drago,  1977). 
Because  solvent  effects  on  E-M  spectra  are  rather  arduous  to 
define  and  quantify,  solvatochromic  methods  are  referred  to 
as  being  empirical    scales  of  solvent  polarity. 

The  most  noteworthy  of  the  UV-VIS  polarity  scales  is 
ET(30)  (Dimroth  et  al.,  1963).  It  is  based  on  the  negatively 
solvatochromic  charge-transfer  complex  formed  between  the 
solvent  and  the  molecule  2, 6-diphenyl-4- (2 , 4 , 6-triphenyl-N- 
pyridinio)  phenolate  (ET-30)  (Figure  1-1).  ET(30)  refers  to 
the  value  of  the  polarity  measurement  and  ET-30  is  the 
acronym  for  the  compound's  name.  The  polarity  of  an 
individual  solvent  is  computed  by  the  equation: 

ET(30)  (kcal/mole)  =  28592/^^.  (nm)         (1-1) 

where  ^max  is  the  maximum  absorption  wavelength  and  28592  is 
a  product  of  the  speed  of  light,  Planck's  constant  and 
Avagadro's  number.   ET-30  possesses  a  large  permanent  dipole 
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Figure  1-1.   The  structure  of  the  solvatochromic  probe  ET-30 


moment  (|ID  =  15D)  and  a  44  7l-electron  network  that  makes  it 
sensitive  to  solvent  dipolarity/polarizability  changes.  The 
phenolate  functional  group  is  also  an  excellent  hydrogen  bond 
acceptor.  Combination  of  these  characteristics  produces  the 
largest  solvatochromic  shift  known  to  date,  going  from  453  nm 
in  water  to  810  nm  in  diphenyl  ether  (Reichardt,  1988)  and 
yields  an  extremely  sensitive  method  of  characterizing 
solvent  polarity.  This  sensitivity  was  originally  exploited 
to  decipher  the  effects  of  the  solvent  on  chemical  reaction 
rates  by  the  relationship  (Reichardt,  1988) : 

k  =  kQ  +  A[ET(30)  ]  (1-2) 

Here  k  stands  for  a  rate  constant,  kQ  is  the  y-intercept  and 
A  the  slope  of  the  regression  between  k  and  ET(30)  .  An 
interesting  aspect  of  ET-30  is  the  charge-transfer  complex  it 
forms  with  the  solvent  absorbs  in  the  visible  region  of  the 
E-M  spectrum  and  proper  adjustment  of  the  solvent  polarity 
can  express  all  seven  principle  colors.  A  solution  of  the  dye 
is  red  in  methanol,  violet  in  ethanol,  sky-blue  in 
acetonitrile  and  green  in  acetone. 

Because  the  ET(30)  scale  does  not  fit  into  the  framework 
of  SI  units,  the  ETN  scale  was  devised.  The  ETN  scale  is  the 
normalization  of  the  ET(30)  scale  relative  to  the  nonpolar 
solvent  tetramethylsilane  by  the  equation: 

ETN  =  [ET(30)i  -  ET(30)TMS]/[ET(30)W-ET(30)TMS]   (1-3) 


where  ET(30)^  denotes  the  polarity  of  the  solvent  of 
interest,  ET(30)W  the  polarity  of  water  and  ET(30)TMS  the 
polarity  of  tetramethylsilane .  This  manipulation  creates  a 
range  of  polarities  going  from  0.00  in  TMS  to  1.00  in  water. 
A  major  disadvantage  of  performing  this  normalization  is  the 
large  sensitivity  to  polarity  changes  is  lost.  In  all 
correlations  with  polarity,  whatever  the  scale,  it  is  best  to 
use  the  original  solvatochromic  parameters  (Abboud  et  al., 
1985)  . 

Three  other  UV-VIS  scales  are  based  on  a  principle  known 
as  solvatochromic  comparison.  The  71*  scale  (Kamlet  et  al .  , 
1977)  is  in  units  of  absorption  wave  numbers  and  the  polarity 
of  an  individual  solvent  is  denoted  by  the  average  of  the 
individual  absorption  wave  numbers  of  nine  primary 
nitroaromatic  compounds  in  that  solvent.  The  (X  (Taft  and 
Kamlet,  1976)  and  (3  (Kamlet  and  Taft,  1976)  scales  calculate 
specific  solvent  polarity  in  terms  of  the  absorption  wave 
number  difference  between  two  standard  compounds.  The  wave 
number  difference  between  4 -n i t r oan i 1 i ne  and 
N,  N-diethylaniline  determines  a  and  (3  is  found  by  the 
difference  between  4-nitroanisole  and  ET-30.  A  disadvantage 
of  these  statistical-based  scales  is  they  are  ill-defined  and 
do  not  express  a  discrete  intermolecular  event.  Kamlet  and 
co-workers  have  published  forty-one  papers  (Kamlet  et  al., 
1987)  on  these  scales  with  each  paper  being  an  adjustment  to 
"constant"  solvent  parameters.   Also,  in  order  to  expand  the 


database  of  each  scale  to  new  solvents,  numerous  spectral 
measurements  must  be  made  for  a  single  solvent. 

Two  fluorescent  polarity  scales  will  be  mentioned. 
Solvent  effects  on  fluorescence  spectra  occur  when  the 
dipolarity  of  the  excited  state  of  the  molecule  with  respect 
to  the  ground  state  changes  upon  interaction  with  the  solvent 

(Abe,  1988)  .  The  Py  scale  (Nakajima,  1971)  is  based  on 
changes  in  the  intensity  of  UV  emission  bands  for  pyrene 

(Figure  1-2)  .  Pyrene  possesses  5  characteristic  fluorescence 
bands  between  370  and  400  nm  labeled  in  progressive  order 

(the  highest  energy  band  labeled  I  and  the  lowest  energy  band 
V)  .  By  taking  the  ratio  of  the  intensities  of  the  first  and 
third  bands  the  Py  polarity  of  the  solvent  can  be  obtained: 

Py  =  Ij/Im  (1-4) 

Emission  bands  I  and  III  show  intensity  changes  with  polarity 
changes  but  the  exact  mechanism  of  how  this  process  works  is 
not  well  understood.  Disadvantages  of  Py  are  the  difficulty 
in  precisely  measuring  small  differences  in  emission 
intensity  (Street  and  Acree,  1986)  and  a  lack  of  functional 
groups  sensitive  to  hydrogen  bonding  interactions.  Despite 
these  pitfalls,  pyrene  has  been  a  useful  probe  for  studying 
solutions  of  organized  media  (Kalanasundaram,  1978)  . 

Another  fluorescent  scale  is  the  positively 
solvatochromic  EF (NR)  scale  (Klessinger  and  Luttke,  1966). 
This  scale  measures  the  visible  energy  of  fluorescence  (in 
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kcal/mole)  of  the  molecule  9-die t hy lamino- 5 H- 
benzo [a] phenoxazine-5-one  (Nile  Red)  (Figure  1-3).  Nile  Red 
forms  a  charge-transfer  complex  with  the  solvent  similar  to 
ET-30  and  can  visually  express  polarity  changes  like  ET-30. 
The  solution  is  deep  blue  in  ethylene  glycol,  violet  in 
methanol,  red  in  acetonitrile  and  orange  in  1,4-dioxane. 
Because  the  phenoxazone  group  is  not  as  strong  a  hydrogen 
bond  acceptor  as  the  phenoxide  group  of  ET-30  and  the  entire 
molecule  has  only  half  the  7E-electrons,  Nile  Red  is  not  as 
sensitive  a  solvent  polarity  probe  as  ET-30.  Nile  Red  has, 
however,  been  useful  as  a  fluorescent  probe  of  hydrophobic 
proteins  (Sackett  and  Wolff,  1987)  and  a  stain  for 
intracellular  lipids  (Greenspan  and  Fowler,  1985)  because  of 
its  strong  fluorescent  intensity. 

All  of  the  previously  mentioned  scales  are  called 
single-parameter  polarity  scales  and  can  be  used  individually 
or  in  conjunction  with  others  in  a  multi-parameter  scale.  A 
single-parameter  scale  bases  a  polarity  measurement  on  one 
type  of  reference  probe  compound.  It  is  believed  that  by 
linearly  combining  scales  sensitive  to  different 
interactions,  the  total  polarity  of  a  solvent  can  be  better 
estimated.  One  such  method  has  been  developed  that  combines 
71* ,  the  measure  of  solvent  dipolarity/polarizability,  a, 
which  estimates  the  hydrogen  bond  acidity  of  a  solvent,  and 
(3,  the  solvent  hydrogen  bond  basicity  descriptor  (Kamlet  et 
al.,  1987)  .  This  type  of  scale  is  based  on  the  assumption  of 
linear  solvation  relationships  (LSR)  and  describes  a  property 
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Figure  1-3.   The  structure  of  the  solvatochromic  probe  Nile 
Red. 
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of  the  solvent  by  the  equation: 

XYZ  =  XYZQ  +  Art*  +  BCX  +  C(3  d~5) 

where  XYZ  is  a  measurable  physical  quantity  dependent  on 
solvent  polarity,  XYZQ  is  the  intercept  and  A,  B  and  C  are 
the  respective  regression  coefficients  for  the  multiple 
relationship.  Another  multi-parameter  approach  associates 
ET(30)  and  the  donor  number  of  the  solvent,  DN  (Krygowski  and 
Fawcett,  1975)  : 

XYZ  =  XYZQ  +  A[ET(30)J  +  B*DN  (1-6) 

where  again  A  and  B  are  the  regression  coefficients.  The 
donor  number  is  a  nuclear  magnetic  resonance  method  that 
measures  the  hydrogen  bond  basicity  of  a  solvent  (Mayer  et 
al  .  ,  1975)  .  Unification  of  the  two  parameters  into  one 
equation  clarifies  the  primary  solvent  interactions. 

Two  problems  exist  with  multi-parameter  polarity  scales. 
One  is,  as  stated  earlier  for  the  work  of  Kamlet  et 
al.(1987),  the  parameters  7t*,  a  and  (3  are  ill-defined, 
non-discrete  and  rigorous  to  determine.  Another  problem  with 
any  multi-parameter  scale  is  the  illusion  that  it  discloses 
"fundamental"  information  about  the  effects  of  solvents.  An 
interesting  perspective  on  the  "meaning"  of  single-  and 
multi-parameter  solvent  scales  is  found  in  a  paper  by 
Sjdstrcm  and  Wold  (1981)   and  a  reply  by  Kamlet  and  Taft 
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(1985)  .  Sjostrom  and  Wold  argue  that  instead  of  the 
classical  interpretation  of  LSRs  expressing  a  combination  of 
"fundamental"  effects,  they  should  be  viewed  strictly  as 
locally  valid  linearizations  of  complicated  relationships. 
It  is  perhaps  best  to  say,  whether  with  single-  or 
multi-parameter  scales,  they  are  merely  providing  a 
convenient  linearization  of  very  complicated  phenomena. 
Since  both  methods  are  empirical,  the  less  rigorous 
single-parameter  approach  should  be  more  desirable  to  use 
because  it  is  less  complicated,  gives  comparable  results  and 
is  easier  to  expand  to  new  solvents. 

Solvatochromism  and  Chromatography 

Many  theories  exist  examining  the  mechanisms  of  retention 
in  most  forms  of  chromatography  (Dill,  1987;  Horvath  et  al., 
1976;  Martire  and  Boehm,  1983;  Jaroniec  and  Martire,  1986), 
but  it  is  agreed  in  all  that  intermolecular  interactions  are 
predominant  driving  forces  in  these  processes.  While  bulk 
physical  parameters  such  as  temperature,  viscosity  and  the 
nature  of  the  support  materials  are  important  variables, 
deciphering  the  effects  of  microscopic  phenomena  appears  to 
be  the  link  to  complete  understanding  of  these  complicated 
events.  Employing  empirical  solvatochromic  methods  for 
studying  fundamental  processes  in  chromatography  can  aid  in 
the  interpretation  of  the  role  of  key  intermolecular 
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interactions.  This  enhanced  understanding  can  improve 
separation  optimization  and  physical  property  estimations. 

Chromatographic  systems  have  been  studied  from  the 
viewpoint  of  both  the  mobile  and  stationary  phases  with  the 
most  extensive  work  being  done  on  reversed-phase  liquid 
chromatography  (RPLC) .  Lochmuller  et  al .  (1983;  1984;  1985) 
have  observed  the  fluorescence  solvatochromism  of  pyrene 
chemically  bound  to  RPLC  surfaces.  This  work  of  Lochmuller 's 
presented  an  idea  known  as  the  "Micro-Droplet"  theory  which 
states  that  surface  silanols  on  microparticulate  silica  do 
not  exist  homogeneously,  but  rather  in  concentrated  clusters. 
An  emission  band  attributed  to  an  "eximer-like"  complex  was 
their  evidence  for  high  density  silanol  pools.  The  complex 
formed  at  low  %  carbon  and  was  believed  to  result  from 
bimolecular  ground  state  associations  of  the 
pyrene-derivatives  that  were  within  a  critical  interaction 
distance  necessary  for  eximer  formation.  Since  the  complex 
occurred  at  low  carbon  load,  they  rationalized  the  silanols 
involved  in  bonding  were  in  close  proximity  to  each  other. 

In  contrast  to  chemically  bonding  pyrene  or  other  probes 
to  silica,  other  projects  have  physically  adsorbed  the  probe 
to  alkyl-derivatized  silica  and  observed  its  spectrum.  This 
allows  the  examination  of  a  surface  actually  used  in  practice 
instead  of  one  specially  synthesized  for  the  probe.  Carr  and 
Harris  (1986)  sorbed  pyrene  to  RPLC  silica  under 
RPLC-mimicking  conditions.  A  flow  cell  was  constructed  using 
a  quartz  column  enclosed  in  a  stainless  steel  jacket  that 
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would  allow  the  derivat ized-s ilica  to  be  packed  under 
high-pressure.  By  pumping  pyrene-containing  mobile  phase 
through  the  column,  Py  values  for  the  surf ace-sorbed  species 
were  taken  at  different  organic  compositions.  They  found  an 
inverse  relationship  between  the  polarity  of  the  C18  surface 
and  that  of  the  mobile  phase  over  large  ranges  of  solvent 
composition.  Problems  with  light-scattering  by  the  silica 
reduced  the  resolution  of  the  experiment,  however. 

Two  problems  exist  with  the  pyrene  adsorption  approach  to 
studying  RPLC  surfaces.  The  first  one  is  that  only  limited 
ranges  of  organic  modifier  can  be  used.  For  the  case  of  high 
%  organic,  too  much  pyrene  remains  in  the  mobile  phase  and 
dwarfs  the  signal  from  the  surface.  Contrary  to  high  %,  at 
low  %  organic  the  surface  can  become  overloaded  with  probe  to 
produce  self-association  effects.  A  second  problem  is  that 
the  Py  polarity  scale  is  limited  in  differentiating  the 
polarities  of  different  solvents.  For  example,  the  Py 
polarity  of  acetonitrile  and  water  are  the  same  (Stahlberg 
and  Almgren,  1985)  .  What  is  needed  is  a  probe  that  has  a 
strong  affinity  for  the  hydrophobic  surface,  has  an  easily 
detectable  signal  and  is  sensitive  to  more  intermolecular 
interactions  than  just  dispersion  and  polarizability  effects 
(i.e.,  hydrogen  bonding) . 

The  most  significant  work  exploiting  solvatochromism  as  a 
tool  for  studying  chromatographic  processes  has  been  done 
with  the  popular  UV-VIS-based  polarity  scales. 
Chromatographic   applications   of   these   techniques   have 
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recently  been  reviewed  (Dorsey,  1987)  .  Pioneering  work 
describing  mobile  phase  polarity  effects  on  retention  in  RPLC 
was  done  by  Johnson  et  al.  (1986)  using  the  ET(30)  scale. 
The  "strength"  of  the  mobile  phase  was  described  by  the  bulk 
polarity  measured  independently  of  the  column,  in  contrast  to 
the  commonly  used  volume  percent  organic  modifier,  %  (Snyder 
et  al.,  1979).  Dorsey  and  Johnson  (1987)  presented  universal 
equations  for  determining  the  ET(30)  polarity  of  aqueous 
methanol,  acetonitrile  and  tetrahydrof uran  binary  mobile 
phases  from  the  original  volume  %  of  the  organic  modifier. 
Through  the  analysis  of  332  sets  of  chromatographic 
retention,  the  logarithm  of  the  capacity  factor  for  a  solute, 
log  k',  was  found  to  be  better  correlated  to  ET(30)  by  the 
equation : 

log  k'  =  m[ET(30) ]  +  b  (1-7) 

than  the  volume  %  of  organic  modifier  in  the  eluent  by  the 
equation : 

log  k'  =  S%  +  log  k'w  (1-8) 

where  m  and  S  are  the  slopes  and  b  and  log  k'w  are  the 
intercepts.  Log  k'w  is  also  called  the  capacity  factor  using 
pure  water  as  mobile  phase.  The  slope  and  intercept  of  log 
k'  versus  ET(30)  plots  increase  as  a  function  of  the  size  of 
the  solute.   Comparisons  of  solute  methylene  selectivity,  log 


17 

a,  and  mobile  phase  ET(30)  polarity  were  also  examined 
(Johnson,  1986)  but  no  significant  improvements  over  the  % 
strength  model  were  discovered. 

RPLC  retention  has  also  been  modeled  by  the  Kamlet  and 
Taft  multi-parameter  solvatochromic  comparison  method. 
Instead  of  relating  solute  retention  to  the  polarity  of  the 
mobile  phase,  retention  was  predicted  by  the  polarity  of  the 
solute  itself  from  the  equation  (Sadek  et  al . ,  1985): 

log  k'  =  log  k'0  +  mV2/100  +  s7t*2  +  bp2       (1-9) 

where  V2  is  the  molar  volume  of  the  solute.  This  approach 
was  designed  to  describe  the  retention  process  from  the 
viewpoint  of  the  characteristic  chemical  interactions  of  the 
solute  on  any  column  under  any  mobile  phase  condition.  The 
molar  volume  term  accounts  for  the  size  of  the  cavity  taken 
up  by  the  solute  in  the  mobile  phase.  The  71*  and  (3  terms 
account  for  the  dominant  chemical  interactions  contributed  by 
the  solute.  A  training  set  of  calculated  and  experimentally 
measured  log  k'  values  was  constructed  for  a  wide  range  of 
solute  types  under  specific  chromatographic  conditions. 

While  Sadek  et  al.  (1985)  found  reasonable  agreement 
between  calculated  and  experimental  log  k1  values,  this 
method  has  many  problems.  Training  sets  must  be  constructed 
for  any  new  column  and  this  would  be  a  tremendous  amount  of 
work  to  do  whenever  a  new  column  is  purchased  or  made.  The 
values  of  7t*  and  p  are  not  easily  accessible  for  many 


compounds  and  cannot  be  measured  for  solutes  that  are  solids 
at  room  temperature.  Equation  1-9  also  does  not  account  for 
the  hydrogen  bond  acidity  of  the  solute  which  should  not  be 
neglected  since  solutes  containing  hydroxyl  substituents  can 
donate  hydrogen  bonds . 

To  counter  the  above-mentioned  setback  of  overlooked 
solute  hydrogen  bond  acidity,  Carr  et  al .  (1986)  and  Park  et 
al.  (1988)  added  an  a  term  to  equation  1-9  to  produce 

log  k'  =  log  k'0  +  mV2/100  +  s7t*2  +  a(x2  +  bP2   (1_10> 

This  adjusted  view  of  retention  was  used  to  observe 
dependences  on  the  mobile  and  stationary  phases  and 
temperature.  Even  though  a  more  thorough  description  was 
made,  the  method  is  still  too  tedious  and  complicated  to  be 
of  any  practical  use. 

Cheong  and  Carr  (1988)  have  begun  work  attempting  to 
describe  retention  from  the  standpoint  of  the  Kamlet-Taft 
multi-parameter  polarity  of  the  mobile  phase.  This  has 
probably  been  taken  on  as  a  result  of  the  success  of  the 
single-parameter  ET(30)  method.  71*  a  and  [3  parameters  were 
measured  for  binary  mixtures  of  water  with  methanol, 
2-propanol  and  tetrahydrof uran  but  no  multiple  correlations 
with  retention  data  have  yet  been  reported. 

Supercritical  fluid  chromatography  (SFC)  systems  have 
also  been  explored  with  UV-VIS  scales.  Yonker  et  al.  (1986) 
measured  the  7t*  polarity  of  supercritical  carbon  dioxide  as  a 
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function  of  the  density  of  the  supercritical  fluid  and 
related  that  polarity  to  SFC  retention.  A  biphasic  character 
in  log  k'  versus  K*  plots  for  nitrobenzene  derivatives  was 
observed.  This  behavior  was  attributed  to  changes  in  the 
solvating  ability  of  the  supercritical  carbon  dioxide  at  high 
and  low  densities. 

Chromatographic  Estimations  of  Lipophilicity 

A  growing  application  of  reversed-phase  liquid 
chromatography  (RPLC)  is  the  determination  of  the 
physico-chemical  properties  of  chemical  compounds,  also  known 
as  quantitative  structure-retention  relationships  (QSRR) . 
QSRR  constitutes  a  large  subset  of  quantitative 
structure-activity  relationships  (QSAR)  and  is  the 
correlation  of  the  chromatographic  retention  of  a  compound 
with  a  specific  molecular  property.  One  such 
physico-chemical  property  that  has  many  uses  in  the 
environmental  and  biological  sciences  is  lipophilicity,  a 
descriptor  of  the  hydrophobic  partitioning  character  of  a 
compound  (Niralakhandan  and  Speece,  1988;  Hansch,  1978).  A 
recent  Chemical  Abstracts  Service  (CAS)  database  search  done 
at  the  University  of  Florida  revealed  that  since  1975  the 
number  of  papers  published  regarding  chromatography  and  QSAR 
has  increased  steadily.  In  1975,  the  percentage  of  those 
papers  concerning  HPLC  was  approximately  12%  and  as  of  1988 
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that  portion  has  expanded  to  about  25%.   These  CAS  trends  are 
illustrated  in  Figure  1-4 . 

The  lipophilic/hydrophobic  character  of  compounds  has 
been  examined  by  experimental  and  theoretical 
non-chromatographic  means.  The  first  experimental 
undertaking  of  measuring  hydrophobicity  was  the  development 
of  the  static  log  P  shake-flask  system  (Hansch,  1969)  .  The 
log  P  method  calculates  the  partition  coefficient,  P,  for  a 
compound  distributing  between  immisible  organic  and  aqueous 
phases  by  the  equation: 

P  =  [Organic] / [Water]  (1-11) 

where  [Organic]  is  the  equilibrium  concentration  of  the 
analyte  in  the  organic  phase  and  [Water]  is  the  analyte 
concentration  in  an  aqueous  phase.  This  partition 
coefficient  is  then  correlated  to  some  form  of  biologically 
measured  activity  or  a  structural  change  in  the  molecule. 
The  most  common  organic  phase  referred  to  is  n-octanol 
because  of  its  similarity  to  lipids  in  structure  (hydrophobic 
tail  and  polar  head-group)  and  low  solubility  in  water. 
Other  organic  phases  such  as  cyclohexane,  diethyl  ether, 
olive  oil  and  organic  membranes  have  also  been  used  but  there 
is  no  standard  approach.  Shake-flask  methods  of 
lipophilicity  measurement  are  disadvantageous  because  they 
exhibit  poor  reproducibility,  are  slow,  require  large  amounts 
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Figure  1-4.  Chemical  abstracts  services  search  (January, 
1989)  of  papers  dealing  with  chromatographic 
techniques  and  physico-chemical  properties  of 
solutes . 
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of  pure  sample  and  need  two  separate  analyses  done  for  every 
individual  trial. 

To  avoid  tedious  lab  work  for  new  solutes,  dry-lab 
methods  governed  by  the  assumption  of  linear  free  energy 
relationships  (LFER)  have  been  devised  to  calculate 
octanol-water  partition  coefficients  (log  Pow)  with  only  a 
knowledge  of  the  compound's  structure.  LFERs  computate 
lipophilicity  by  adding  together  hydrophobicity  values 
associated  with  structural  portions  of  a  compound.  These 
methods  include  Hansch  and  Leo's  71  hydrophobicity  parameters 
(1979),  Rekker's  fragmental  f  constants  (1977)  and  Randic's 
molecular  connectivity  index,  X  (1975).  Octanol-water 
partition  coefficients  have  also  been  calculated  by  the 
solvatochromic  comparison  method  (Kamlet  et  al .  ,  1988)  and 
statistical  thermodynamic  approaches  (Kasai,  1988;  Schantz 
and  Martire,  1987) .  All  of  these  methods  are  continually 
being  updated  to  account  for  deviations  arising  from  intra- 
and  intermolecular  interactions  and  this  can  make 
standardization  almost  impossible.  The  "rules"  for 
assignment  of  hydrophobicity  identities  have  become  so 
complicated  that  microcomputers  are  necessary  for 
calculations,  but  no  commercial  software  is  available. 

Recent  reviews  have  covered  research  studying  the  use  of 
RPLC  retention  data  as  a  measure  of  lipophilicity  (Braumann, 
1986;  Carney,  1985;  Kaliszan,  1981;  1986;  1987a;  1987b) .  It 
was  first  mentioned  in  the  landmark  paper  by  Martin  (1950) 
that   a  substituent  changes  the  partition  coefficient  of  a 
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solute  by  a  factor  dependent  on  the  nature  of  the  substituent 
and  the  mobile  and  stationary  phases.  Fifteen  years  later, 
Iwasa  et  al  .  (1965)  first  conjectured  the  usefulness  of 
chromatographic  data  for  QSAR.  Melander  and  Horvath  (1980) 
noted  that  relating  RPLC  retention  data  to  log  PQW  values  is 
theoretically  valid.  The  major  advantages  of  using  RPLC  over 
shake-flask  methods  are  that  it  is  faster,  shows  a  larger 
dynamic  range  than  log  P,  is  more  convenient  to  perform 
experimentally,  is  extremely  reproducible  and  is  automatable. 
Gas,  paper  and  thin-layer  chromatographies  can  also  provide 
partitioning  data  but  all  three  are  limited  with  regard  to 
applicable  samples.  RPLC  also  works  well  over  shake-flasks 
because  precise  peak  height  or  area  quantitation  is  not 
necessary  and  the  sample  need  not  be  100%  pure. 

Lipophilicity  determinations  by  RPLC  are  done  by 
measuring  the  capacity  factor  of  the  solute.  The  log  of  the 
capacity  factor,  log  k1,  is  described  by  the  relationship 
(Scott  and  Kucera,  1977)  : 

log  k'  =  log  K  +  log  <t>  (1-12) 

and  experimentally  measured  by  the  equation: 


k'  =  (tr  -  t0)/t0  (1-13) 


where  K  is  the  thermodynamic  distribution  coefficient,  O  is 
the  ratio  of  the  volumes  of  the  stationary  and  mobile  phases 
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for  the  chromatographic  system  (Vs/Vm) ,  tr  is  the  retention 
time  for  the  solute  and  tQ  is  the  dead  time  of  the  system.  P 
is  assumed  to  be  proportioanl  to  K  and  since  k'  is  directly 
proportional  to  K,  capacity  factors  have  been  correlated  with 
?  by  the  equation: 


log  k'  =  m[log  P]  +  b  (1-14) 

where  m  and  b  are  the  respective  slope  and  intercept  for  the 
linear  regression.  Since  the  type  of  interactions  present  in 
RPLC,  static  shake-flask  and  real  biological  systems  are 
quite  different,  chromatographic  and  static  techniques  are 
merely  estimations   of  hydrophobicity,  not  direct  measures. 

Various  approaches  have  been  devised  to  obtain  RPLC 
capacity  factors  for  lipophilicity  information.  One  approach 
attempts  to  mimic  octanol-water  shake-flask  systems  by 
saturating  both  the  mobile  and  stationary  phases  with 
n-octanol.  Mirlees  et  al  .  (1976)  obtained  excellent 
correlations  between  log  k'  and  log  PQW  with  a  system 
consisting  of  a  Cl-silanized  glass  tube  coated  with  n-octanol 
and  octanol-saturated  buffer  as  eluent.  By  using  an 
oc t ano 1 -coat ed  commercial  RPLC  column  and  an 
octanol-saturated  buffer  as  solvent,  Unger  and  Chiang  (1981) 
also  produced  good  log  k'/log  PQW  correlations.  Two  problems 
with  this  experiment  are  the  instability  of  the  octanol 
coating  on  the  surface  and  a  limited  range  of  determinable 
log  P    values.   Very  hydrophobic  solutes  cannot  elute  from 
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this  system  because  of  the  poor  thermodynamic  and  kinetic 
characteristics  of  solute  distribution  across  the 
liquid/liquid  interface  region.  No  modifiers  could  be  added 
to  the  mobile  phase  to  speed  up  the  analysis,  however,  or 
else  the   mimicking  of  the  shake-flask  experiment  was  lost. 

Another  plan  has  been  to  perform  a  conventional  RPLC 
analysis  and  correlate  isocratic  retention  to  lipophility. 
Brodsky  and  Ballschmitter  (1988)  calculated  retention  indices 
for  polychlorobiphenyls  (PCB's)  on  a  C18  column  using  a  55% 
acetonitrile  in  water  mobile  phase.  The  indices  were 
favorably  compared  with  the  number  of  chlorine  atoms,  log  PQW 
and  water  solubility.  Instead  of  a  silica-based  C18  column, 
Kaliszan  et  al.  (1988)  adsorbed  polybutadiene  onto  y-alumina 
and  eluted  analytes  with  50%  methanol  in  aqueous  buffer. 
While  this  alumina-based  column  provides  a  wide  range  of  pH 
to  work  with,  it  is  not  as  rugged  as  conventional  RPLC 
columns  and  has  inherent  reproducibility  problems  with  the 
polymerization  of  the  butadiene  onto  the  alumina. 

A  serious  problem  in  general  with  isocratic  log  k' 
correlations  is  the  effect  of  the  organic  modifier  on  the 
hydrophobic  expression  of  the  solute.  Miyake  et  al  .  (1988) 
noticed  distinct  effects  on  log  k'  for  low  (20%)  in 
comparison  to  high  (85%)  compositions  of  methanol  in  water. 
Peak  inversion  is  common  for  different  solutes  at  unspecified 
compositions  and  can  lead  to  erroneous  assignments  of 
lipophilic  character.  Minick  et  al.  (1988)  observed  a  switch 
in  the  elution  order  from  a  C18  column  for  anisole  and 
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3- (trif luoromethyl) phenol  occurring  at  45%  methanol  in  water. 

The  only  compounds  that  cannot  invert  at  different  mobile 

phase  compositions  are  members  of  a  class  of  molecules 

varying  only  in  the  number  of  subst ituents ,  as  with  the  PCB 

study,  or  size,  as  with  methylene  analogs  of  an  homologous 

series  of  alkylbenzenes .   Specific  solvation  effects  due  to 

the  organic  modifier  can  take  place  between  various  solute 

classes  as  well  as  with  the  stationary  phase  surface  to 

over-complicate  the  analysis. 

An  RPLC  technique  that  has   recently   received  much 

attention  is  the  parameter  log  k'w,  the  logarithm  of  the 

capacity  factor  using  only  an  aqueous  phase  as  the  eluent 

(Hammers  et  al .  ,  1982;  Braumann  et  al.,  1987;  Gaspari  and 

Bonati,  1987;  Minick  et  al . ,  1988).   The  beauty  of  using  log 

k'    is  that  it  is  independent  of  any  organic  modifier 
w  r 

effects,  reflects  polar/nonpolar  partitioning  in  a  manner 
similar  to  shake-flask  methods  (Braumann  et  al.,  1983; 
Schantz  and  Martire,  1987)  and  is  dependent  on  the  solute's 
structure  and  polar  functionalities  (Snyder  et  al.,  1987). 
This  parameter,  however,  is  difficult  to  measure  directly  in 
an  RPLC  experiment  because  of  poor  partitioning  kinetics 
across  the  stationary  phase/mobile  phase  interface  and 
prohibitively  long  retention  times.  It  is  also  arduous  to 
both  detect  and  locate  a  peak  centroid  because  of  the  skewing 
of  the  peaks . 

Log  k'w  can  be  estimated,  however,  by  the  intercept  of 
equation  1-8  (Snyder  et  al .  ,  1979).   The  retentivity  of  the 
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chromatographic  system  with  respect  to  changes  in  mobile 
phase  "strength,"  denoted  here  by  %,  is  inferred  by  the  slope 
S.  It  has  been  suggested  that  log  k'w  be  a  direct  measure  of 
lipophilicity  for  neutral  solutes  because  it  minimizes 
hydrogen  bonding  effects  (Miyake  et  al.,  1988)  and  has  been 
found  to  be  reproducible  between  C18  columns  used  (Braumann 
et  al  .  ,  1987)  .  These  columns  must  be  from  the  same 
manufacturer,  however,  since  log  k'w  should  vary  from  column 
to  column  because  of  bulk  silica,  bonding  density  and  O 
differences . 

Despite  the  utility  of  log  k'w  as  a  lipophilicity 
descriptor,  a  problem  exists  in  the  fundamental  detail  of  its 
estimation.  While  equation  1-8  holds  on  a  qualitative  basis, 
curvature  exists  in  these  plots  (Schoenmakers  et  al .  ,  1978; 
Borowko  et  al  .  ,  1987;  Jandera,  1984)  and  could  lead  to 
erroneous  extrapolation  results.  Snyder  and  Quarry  (1987) 
proposed  a  statistical  method  to  counteract  the  curvature, 
but  that  approach  appears  to  be  best  applicable  to  mobile 
phase  optimization  for  method  development. 

Another  remedy  to  this  problem  of  mobile  phase  strength 
characterization  for  QSRR  has  been  to  describe  retention  data 
with  the  equation  (Reymond  et  al.,  1987;  Baty  and  Sharp, 
1988) : 

log  k'  =  A%2  +  B%  +  log  k'w  (1-15) 

where  A  and  B  are  the  first  and  second  coefficients  of  the 
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second-order  polynomial  regression.  While  a  second  order 
polynomial  will  theoretically  give  a  better  fit  to  the  data 
(Dill,  1987;  Schoenmakers  et  al . ,  1978),  additional 
uncertainty  in  an  extrapolation  occurs  due  to  the  A-s  term 
and  that  uncertainty  can  only  be  reduced  by  measuring  extra 
data  points  closer  to  the  point  of  extrapolation.  For  some 
solutes,  though,  measuring  extra  log  k '  values  at  lower  % 
organic  mixtures  can  increase  the  total  estimation  time 
considerably.  Equations  1-8  and  1-15  also  only  cite  changes 
in  bulk  organic  modifier  composition.  They  do  not,  however, 
account  for  any  microscopic  differences  in  the  chemical 
interactions  characteristic  of  those  varying  composition 
eluents  nor  is  there  any  differentiation  made  between  the 
interactions  present  in  eluents  using  different  modifers 
(i.e.,  acetonitrile  instead  of  methanol). 

Alumina 

The  name  "alumina"  has  been  used  to  describe  a  broad 
range  of  sustances  derived  from  aluminum  hydroxides  and 
products  of  their  thermal  decomposition.  Their  chemical 
nature  and  final  usage  are  a  function  of  the  structure  and 
temperature  response  of  the  hydroxides.  Alumina  is  one  of 
the  largest  volume  pure  inorganic  chemicals  produced 
worldwide  with  production  amounting  to  roughly  40  million 
metric  tons  per  year  (Misra,  1986)  .   Final  applications  range 
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from  pure  aluminum  metals  to  ceramics,  catalytic  supports  and 
industrial    adsorbents. 

The  type  of  alumina  chemical  of  interest  in 
chromatography      is      activated     aluminum     oxide.  Activated 

aluminas  are  products  of  the  thermal  decomposition  of  the 
aluminum  hydroxide  Gibbsite  which  is  precipitated  from  the 
raw     ore     Bauxite     by     the      Bayer      refining     process.  Once 

isolated,  Gibbsite  is  transformed  into  useful  entities  by 
varied  processes  concerning  temperature,  pressure,  atmosphere 
and  particle  size  (Wefers  and  Bell,  1972).  Figure  1-5  shows 
the  thermal  decomposition  sequence  of  aluminum  hydroxides 
from      Gibbsite      and      another      hydroxide,       Bayerite  .  The 

decomposition  products  from  the  hydroxides  are  usually 
labeled  with  Greek  letters  to  denote  differences  in  their 
crystal  structures  detected  by  X-ray  diffraction  analysis  and 
the    amount    of   hydration. 

Low  temperature  aluminas  (%, yand  TJ)  are  used  as  catalysts 
and  catalyst  supports  as  well  as  solid  phases  for  analytical 
and  large-scale  adsorption  liquid  chromatography  (ALC) . 
Their  surfaces  contain  a  variety  of  sites  at  which  selective 
adsorption     of     organic     compounds     can     occur.         The     surface 

_  o  _ 

consists  of  negative-field  oxide  ions  (0  ,  0  )  , 
positive-field  aluminum  ions  (Al+^),  aluminols  (A1-0H) , 
valence  holes  and  adsorbed  water  (Benesi  and  Winquist,  1978) 
with  the  composition  of  the  individual  sites  dependent  on  the 
pretreatment  conditions.  Adding  water  to  a  low  temperature 
activated  alumina  sets  off  an  exothermic  reaction  between  the 


30 


ii       g 

o 

o 

(0          M 

o 

CM 

-P  O    c 

*— 

rd  O    CD 

an  ,* 

o 

A    (0 

C            4-> 

C) 

o  a;  — 

-H     N 

— " 

4-1  -H   ^ 

rd  co   m 

o 

g          QJ 

o 

M    CD   4-> 
0   .H    CD 

(J 

4-1    O    g 

CO  -H    0 
C    +J     U 

rd    M    O 

o 
o 

U    rd  -H 

4J    a  £ 

Oi 

-  O 
B    CH 
CD  -H   V 

o 

o 

o 

■o  g 

CO 

0 

0  o     -h 

M  1*    g 

„ 

•O  A  \ 

o 

UJ 

£j   CD  o 

o 

4->   rH 

g    rd  V 
3    M 

h- 

C 

< 

•H    fJiH 

o 
o 

g    C  -H 

3  -h  <d 

rH    4-> 

<x> 

Q_ 

rd    rd    >i 

^ 

a;  m 

H-l   £\   Ti 

o 

bJ 

0 

o 

h- 

CD    M    £ 

m 

O'rl    4J 

C  rd  rd 

CD 

o 

cr  co      cm 

o 

CD  -H    II    r- 

^3- 

CO     O            CTl 
g    X!    rH 

c 

o     -^     - 

O 

•H    S  4J  iH 

o 

+J   4J    (d  H 

-H    Cd    O.  CD 

rO 

co            pq 
a  a  u  ri 

O 

g          CD    c 

O    CD   4->    rd 

O 

O    M    CD 

CM 

CD    3    g    CO 

T>    to    O    M 
CO    M    CD 

O 

CD    CD    O   4-1 

£     U  -H    CD 

o 

nags 

31 

water  and  coordinated  aluminum  and  oxygen  sites  to  form 
aluminols  (Hendriksen  et  al . ,  1972).  Heating  alumina  to 
300°C  or  more  drives  off  most  of  the  adsorbed  water,  leaving 
behind  aluminols  that  can  be  later  removed  at  800°C  or 
higher.  These  aluminols  have  been  hypothesized  to  exist  in 
five  distinct  configurations  and  their  existence  was  verified 
by  IR  spectroscopy  (Knozinger  and  Ratnasmy,  1978)  .  An 
activated  surface  can  undergo  specific  intermolecular 
interactions  through  hydrogen-bonding  aluminols  and  the 
positive-  and  negative-field  sites  acting  as  Lewis  acids  and 
bases,  respectively.  A  chromatographic  or  catalytic  surface 
possessing  unique  properties  is  produced  by  these  various 
sites . 

Liquid  chromatographic  applications  of  alumina  have  been 
devised  for  the  separation  of  various  organic  molecules. 
When  used  in  normal-phase  mode  (NPLC)  with  nonpolar  solvents 
like  n-hexane  and  chloroform,  Lewis  acid  sites  can  dominate 
the  retention  process  and  produce  large  adsorption  energies 
for  strong  electron-donating  solutes  like  amines  and  amides 
(Snyder,  1966)  .  Surface  hydrogen  bonding  basicity  also 
contributes  heavily  because  it  was  also  found  that  hydrogen 
bond  acidic  compounds  such  as  alcohols,  carboxylic  acids  and 
mercaptos  expressed  the  largest  energies  of  adsorption. 

For  the  analysis  of  basic  drugs,  the  alumina  can  act  as 
an  ion-exchanger.  By  using  an  aqueous  buffer  as  a  mobile 
phase,  Billiet  et  al.  (1985)  were  able  to  alter  the 
amphoteric  behavior  of  the  surface  to  affect  the  retention  of 
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heroin  and  opium.  The  normal  isoelectric  point  of  alumina 
(pH=9)  can  be  shifted  lower  by  different  buffers  as  well. 
Since  alumina  has  a  wide  pH  stability  range,  it  has  also  been 
used  for  the  elution  of  proteins  that  also  have  wide  ranges 
in  isoelectric  behavior  (Laurent,  et  al . ,  1984). 

Activated  aluminas  are  useful  as  active  catalysts  and  as 
catalyst  supports.  Fluorinated  alumina  has  been  shown  to  be 
an  effective  catalyst  in  reactions  of  acetylene  (Allenger  et 
al.,  1987).  The  impregnation  of  a  modifier  like  fluoride 
into  the  aluminum  oxide  matrix  changes  the  Lewis  acidity  and 
hydrogen  bond  acidity  of  the  surface  to  make  it  more 
reactive.  Metal  catalysts  can  also  be  immobilized  onto 
alumina  by  impregnation  or  coprecipitation  to  improve  the 
physical  stability  of  the  catalyst.  An  example  of  this  is 
the  catalytic  converter  of  most  automobiles  that  oxidizes 
hydrocarbons  into  carbon  monoxide,  carbon  dioxide  and  water 
(Misra,  1986).  Platinum,  palladium  and  rhodium  are 
impregnated  onto  an  alumina  support  for  convenience  of 
construction  and  have  improved  thermal  and  physical  stability 
on  this  substrate. 

One  of  the  problems  associated  with  using  alumina  in 
catalysis  and  chromatography  is  the  lack  of  a  continuous  and 
convenient  method  for  characterizing  its  surface  activity. 
Catalysis  chemists  believe  that  activity  stems  from  the 
concentration  of  acidic  aluminols  on  the  surface  and 
therefore  attempt  to  quantitate  them.  The  most  common 
approach  is  to  titrate  the  surface  with  a  basic  probe 
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molecule  like  pyridine  (Healy  et  al.,  1989).  Using  infrared 
spectroscopy,  the  intensity  of  a  complex  formed  between  the 
pyridine  and  aluminol  is  correlated  to  the  amount  of  pyridine 
added  and  used  to  calculate  the  number  of  active  sites. 
Another  technique  quantitates  the  number  of  sites  from  a 
high-frequency  infrared  hydroxyl  stretch  due  to  a  surface 
aluminol  (Van  Veen,  1988) . 

Chromatographic  methods  have  also  been  devised  to 
characterize  alumina  activity.  Based  on  classical 
thermodynamics,  Snyder  (1968)  described  retention  in 
adsorption  liquid  chromatography  (ALC)  by  the  equation 

log  K°  =  log  Va  +  ccf  (X,  S)  (1-16) 

where  K°  is  the  chromatographic  partition  coefficient  of  the 
solute,  Va  is  the  volume  occupied  by  the  active  surface,  (X  is 
the  "activity"  of  the  adsorbent  surface  and  f(X,S)  is  an 
energy  function  that  is  said  to  remain  constant  for  a  given 
solute  in  a  given  solvent.  The  term  f(X,S)  was  determined  to 
be  the  difference  in  the  adsorption  energies  of  the  solute 
and  solvent 

f(X,S)  =  S°  -  As£°  (1-17) 

where  S°  is  the  adsorption  energy  of  the  solute,  As  is  the 
surface  area  of  the  solute  and  e°  is  the  adsorption  energy  of 
a  pure   solvent,   also  known   as   the   solvent   eluotropic 
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strength.  Snyder's  model  allowed  the  forces  contributing  to 
ALC  retention  to  be  separated  into  measurable  independent 
terms.  The  surface  activity,  a, could  be  used  to  characterize 
the  retentivity  of  the  adsorbent  as  a  function  of  the 
activation  temperature  and  the  amount  of  water  added  to 
deactivate  it.  Figure  1-6  shows  the  change  in  the  surface 
activity  as  the  amount  of  added  water  is  varied.  As  the 
weight  percentage  of  water  exceeds  10%,  the  activity 
calculated  by  this  method  becomes  constant. 

As  important  as  Snyder's  theory  has  been  to  the 
development  of  adsorption  chromatography,  many  problems  exist 
that  limit  its  practical  utility  for  determining  the  activity 
of  alumina.  Many  retention  measurements  must  be  made  and 
tedious  calculations  done  to  obtain  the  value  of  the 
partition  coefficient.  Considerable  error  could  be  incurred 
if  the  measured  partition  coefficient  is  either  too  small  or 
too  large.  The  activity  scale  is  unitless  and  relative  to  an 
arbitrary  activity  of  1.0  for  a  nondeactivated  adsorbent. 
Also  the  adsorption  energies  of  the  solute  and  solvent  in  the 
f(X,S)  term  of  equation  1-16  are  assumed  to  remain  constant 
from  adsorbent  to  adsorbent,  but  this  is  improbable  since  the 
nature  of  the  surface  is  changed  by  the  addition  or  removal 
of  hydration.  Once  f(X,S)  is  determined  on  undeactivated 
alumina  of  a  =  1.0,  it  is  then  used  to  calculate  other  values 
of  a.  Not  all  undeactivated  alumina  will  be  the  same, 
however,  since  different  activation  conditions  produce 
varying  activities. 
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Figure    1-6.      The  relationship  between  Snyder's 

chromatographic  activity  parameter,  a,  and  the 
weight  percentage  of  water  added  to  %-alumina 
(data   taken    from   Snyder,     1968)  . 
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Another  chromatographic  method  developed  by  Brockmann  and 
Schodder  (1941)  based  alumina  activity  on  the  elution 
behavior  of  five  standard  dyes.  This  procedure  creates  five 
activity  categories  over  the  range  from  0  to  15%  by  weight 
added  water.  A  sample  of  alumina  is  placed  into  a  respective 
category  depending  on  which  of  the  five  dyes  elutes  from  the 
top  of  the  column  using  a  carbon  tetrachloride  solvent.  This 
technique,  as  was  the  problem  with  Snyder's  method,  requires 
many  hours  of  tedious  sample  elution  and  it  is  not  a 
continuous  method  since  15%  is  spread  over  only  five 
categories.  Some  of  the  standard  dyes  are  also  not 
commercially  available  and  some  are  known  or  suspected 
carcinogens.  Despite  these  pitfalls,  all  alumina  sold  for 
column  chromatography  is  still  described  by  its  Brockmann 
activity. 

This  Work 

This  dissertation  will  present  and  discuss  attempts  to 
use  the  phenomenon  of  solvatochromism  to  improve  or  simplify 
existing  methodology  regarding  retention  mechanisms, 
estimations  of  solute  lipophilicity  and  characterization  of 
alumina  surface  activity.  Chapter  II  will  show  how  the  use 
of  homologous  alcohols  and  the  ET(30)  scale  has  obtained 
ancillary  information  about  the  dynamics  of  the  RPLC 
stationary/mobile  phase  interface.  In  Chapter  III,  the 
estimation  of  the  RPLC  parameter,  log  k'  ,  has  been  improved 
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by  using  extrapolations  of  log  k. '  versus  ET(30)  plots.  And 

finally,  Chapter  IV  describes  a  new  method  of  delineating  the 

activity  of  chromatographic  alumina  by  determination  of  the 
empirical  ET(30)  polarity  of  the  surface. 


CHAPTER  II 
RETENTION  IN  REVERSED-PHASE  LIQUID  CHROMATOGRAPHY: 
SOLVATOCHROMIC  INVESTIGATION  OF  HOMOLOGOUS  ALCOHOL-WATER 
BINARY  MOBILE  PHASES 


Background 

Many  approaches  have  been  taken  to  study  the  effects  of 
the  mobile  phase  in  reversed-phase  liquid  chromatography 
(RPLC) (Carr  et  al.,  1986;  Horvath  et  al.,  1976;  Jandera  et 
al.,  1982;  Karger  et  al  .  ,  1978;  Martire  and  Boehm,  1983; 
Schoenmakers  et  al .  ,  1982).  The  most  commonly  used  mobile 
phases  in  RPLC  are  binary  solutions  of  water  with  an  organic 
solvent  modifier  such  as  methanol,  acetonitrile  or 
tetrahydrofuran .  Retention  in  RPLC  is  primarily  controlled 
by  the  chromatographic  strength  of  the  mobile  phase,  with  the 
strength  frequently  denoted  as  the  volume  percent  of  the 
organic  modifier  in  the  binary  aqueous  solution  (Gant  et  al., 
1979)  .  It  has  been  shown  both  experimentally  (Schoenmakers 
et  al.,  1978)  and  theoretically  (Dill,  1987)  that  a  quadratic 
function  best  describes  plots  of  log  k1  versus  percent 
organic  modifier  (equation  1-15) . 

A  model  of  RPLC  retention  relating  the  strength  of  the 
mobile  phase  to  the  polarity  of  the  solvent  has  been 
developed  (Johnson  et  al . ,  1986).  An  independent  examination 
of   the   effect   of   changing   mobile   phase   polarity   on 
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chromatographic  retention  was  performed  using  ET(30) 
solvatochromic  solvent  polarity  measurements.  The  regression 
analysis  of  332  data  sets  revealed  a  higher  degree  of 
linearity  for  the  ET(30)  model  (equation  1-7)  over  the 
percent  organic  modifier  model  (equation  1-8).  If  the  ET(30) 
polarity  is  truly  a  good  descriptor  of  mobile  phase  strength, 
then  by  correlating  retention  versus  the  ET(30)  polarity  of 
the  solvent  for  a  given  solute  on  a  given  column,  the 
retention  behavior  of  the  solute  in  all  solvent  systems  on 
that  particular  column  should  be  the  same.  Retention 
behavior  is  symbolized  by  the  slope  of  equation  1-7  and 
defined  here  as  the  sensitivity  of  the  change  in  retention  of 
a  solute  to  changes  in  the  mobile  phase  ET(30)  polarity. 
This  is  similar  to  Snyder's  "S"  value,  which  is  the  slope  of 
equation  1-8  (Snyder  et  al.,  1979).  Inspection  of  the 
regression  coefficients  for  89  of  the  332  data  sets  revealed 
that  the  retention  behavior  of  these  systems  using  equation 
1-7  are  not  normalized  as  expected.  Data  taken  from  the 
literature  on  columns  ranging  in  chain  length  from  C2  to  C18 
show  that  for  a  given  solute  and  column,  the  methanol  slope 
was  greater  than  the  acetonitrile  slope  by  an  average  ratio 
of  1.4. 

One  interpretation  of  this  1.4  methanol-acetonitrile 
slope  ratio  for  ET(30)  plots  is  the  active  role  of  the 
stationary  phase  in  RPLC.  If  the  stationary  phase  were  a 
passive  entity,  as  is  said  to  be  true  by  the  solvophobic 
theory  of  Horvath  et  al.  (1976),  the  slopes  of  log  k'  versus 
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ET(30)  plots  should  be  the  same  for  a  solute  in  any  solvent 
system.  The  ET(30)  scale  has  previously  been  shown  to 
accurately  measure  solution  properties,  as  evidenced  by 
correlations  of  ET(30)  polarity  with  reaction  rate  constants 
(Elias  et  al.,  1981)  and  heats  of  solution  at  infinite 
dilution  (Ilic  et  al .  ,  1984)  .  Retention  is  a  result  of  the 
free  energy  change  as  a  solute  transfers  between  the  mobile 
and  stationary  phases.  As  iso-ET(30)  values  of  two  mobile 
phases  suggest  that  they  are  energetically  equivalent,  at 
least  as  seen  by  the  ET-30  molecule,  then  the  different 
slopes  indicate  the  solute  is  experiencing  a  different 
environment  in  the  stationary  phase  with  methanol-water  as 
compared  to  acetonitrile-water .  While  it  can  be  argued  that 
the  local  environment  of  the  ET-30  molecule  is  very  different 
between  methanol  and  acetonitrile,  it  will  be  shown  later  in 
this  chapter  that  slope  ratio  differences  are  seen  between 
methanol  and  ethanol,  where  the  local  environment  of  the 
ET-30  molecule  would  be  more  similar.  This  must  primarily 
result  from  differences  in  the  extent  of  solvation  of  the 
alkyl  chains  bonded  to  the  silica  as  the  organic  modifier  is 
changed.  These  differences  in  the  extent  of  solvation  have 
also  been  shown  by  others  (McCormick  and  Karger,  1980a; 
McCormick  and  Karger,  1980b;  Yonker  et  al.,  1982a;  Yonker  et 
al.,  1982b)  . 

To  further  clarify  the  meaning  of  the  slope  of  equation 
1-7,  it  was  attempted  to  induce  systematic  changes  in  the 
retention  behavior  for  a  given  system  by  using  a  homologous 


41 

series  of  organic  modifiers.  The  series  chosen  was  that  of 
the  n-alcohols  (methanol,  ethanol  and  n-propanol)  because 
they  are  readily  available,  non-toxic,  have  low  wavelength  UV 
cutoffs  and  their  distribution  behavior  in  an  RPLC  system  has 
been  previously  characterized  (Scott  and  Simpson,  1980)  .  The 
extent  of  solvation  of  the  stationary  phase  was  expected  to 
change  in  direct  proportion  to  the  molecular  size  of  the 
modifier,  resulting  in  a  systematic  change  in  the  slopes  of 
equation  1-7  for  each  solute.  Therefore,  the  aim  of  this 
study  was  to  provide  further  evidence  that  the  change  in  the 
slopes  of  log  k1  versus  ET(30)  plots  are  indeed  due  to 
changes  in  the  nature  of  the  stationary  phase  and  to  also 
characterize  ethanol  and  n-propanol  mobile  phases  for  RPLC  by 
the  E.j(30)  solvatochromic  solvent  polarity  scale. 

Experimental 

Solvatochromic  measurements 

All  solvatochromic  measurements  were  made  using  ET-30 
(Reichardt's  Dye)  (Aldrich  Chemical,  Milwaukee,  Wisconsin). 
Binary  solvents  were  prepared  by  mixing  additive  volumes  of 
ET-30  in  pure  organic  solvent,  pure  organic  solvent  and  water 
to  the  desired  solvent  compositions  with  the  final 
concentration  of  ET-30  being  approximately  200  mg/L.  Samples 
were  placed  into  a  1  cm  path  length  quartz  cell  and  spectra 
obtained  with  a  Hewlett-Packard  (Palo  Alto,  California)  Model 
8450A  diode  array  spectrophotometer  or  an  IBM  Instruments 
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(Dar.bury,  Connecticut)  Model  9420/9430  UV-Visible 
Spectrophotometer.  Maximum  absorbance  wavelengths  were 
determined  using  a  peak-picking  algorithm  on  each  instrument. 
Three  spectra  were  acquired  for  each  sample  and  the  ET(30) 
values  for  each  sample  were  averaged.  The  ET(30)  data  were 
taken  every  10%  organic  and  fit  to  the  appropriate  degree 
polynomial  using  the  Interactive  Microware  (State  College, 
Pennsylvania)   program   CURVE   FITTER   run   on   an   Apple 

(Cupertino,  California)  II  Plus  48K  microcomputer.  Any 
unmeasured  ET(30)  values  were  determined  by  interpolation. 

Retention  measurements 

All  retention  measurements  were  obtained  with  a  Beckman 
(San  Ramon,  California)  Model  100A  isocratic  LC  pump,  a 
Beckman  Model  153  fixed  wavelength  (254  nm)  UV  detector,  a 
Valco  (Houston,  Texas)  C6W  injector  with  a  10  |IL  sample  loop, 
a  Fisher  (Austin,  Texas)  Recordall  Series  5000  strip  chart 
recorder  and  a  Hamilton  (Reno,  Nevada)  705  SNR  LC  syringe.  A 
Beckman  Ultrasphere  ODS  (5  \±m)  ,  15  cm  X  4.6  mm  column  and  a 
DuPont  (Wilmington,  Delaware)  Zorbax  TMS  (6  [lm)  ,  15  cm  X  4.6 
mm  column  were  used.  The  columns  and  solvents  were 
thermostated  at  30°C  with  a  Brinkmann  Lauda  (Westbury,  New 
York)  Model  MT  heater/circulator.  Fisher  (Austin,  Texas) 
HPLC  grade  methanol  and  acetonitrile,  certified  1-propanol 
and  Florida  Distillers  (Lake  Alfred,  Florida)  Absolute  Ethyl 
Alcohol  (200  proof)  were  used  as  received.  Water  was  first 
curified  with  a  Barnstead  (Milford,  Massachusetts)  Nanopure 
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system,  irradiated  with  UV  light  in  a  Photronix  (Medway, 
Massachusetts)  Model  816  HPLC  reservoir  for  at  least  24  hours 
and  then  filtered  through  a  Rainin  (Woburn,  Massachusetts) 
0.45  (im  Nylon-66  membrane  filter  prior  to  use.  Pure  solutes 
were  used  as  received  and  stock  solutions  made  in  HPLC  grade 
methanol:  Eastman  Kodak  (Rochester,  New  York)  reagent  ACS 
spectro  grade  toluene,  but ylbenzene ,  naphthalene, 
p-nitroanisole  and  benzylamine,  Fisher  certified  ethylbenzene 
and  nitrobenzene,  Mallinckrodt  (St.  Louis,  Missouri)  organic 
reagent  benzophenone,  MCB  (Norwood,  Ohio)  p-nitrophenol  and 
Alfa  (Danvers,  Massachusetts)  n-propylbenzene .  Retention 
times  were  determined  manually  and  the  breakthrough  time  (tQ) 
used  to  calculate  capacity  factors  found  by  the  elution  of  an 
injection  of  HPLC  grade  methanol. 

Linear  regression 

Regression  calculations  were  done  by  using  the 
Interactive  Microware  program  CURVE  FITTER  run  on  an  Apple 
(Cupertino,  California)  II  Plus  48K  microcomputer. 

Results  and  Discussion 

Solvatochromic  polarity  measurements 

The  results  of  the  ET(30)  solvent  polarity  measurements 
for  binary  aqueous  solutions  of  ethanol  and  of  n-propanol  are 
illustrated  in  Figures  2-1  to  2-4.   Figures  2-1  and  2-2  show 
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Figure  2-1.  The  ET(30)  polarity  of  binary  ethanol-water 
mixtures  as  a  function  of  the  volume  percent  of 
ethanol    in    water. 
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Figure  2-2.  The  ET(30)  polarity  of  binary  n-propanol-water 
mixtures  as  a  function  of  the  volume  percent  of 
n-propanol    in   water. 
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Figure  2-3.  The  ET(30)  polarity  of  binary  ethanol-water 
mixtures  as  a  function  of  the  mole  fraction  of 
ethanol  in  water. 


47 


ET(30)        58 
(kcal/mole) 


0.0  0.2  0.4  0.6  0.8  1.0 

Mole  Fraction  of  n-Propanol  in  Water 


Figure  2-4 


The  ET(30)  polarity  of  binary  n-propanol-water 
mixtures  as  a  function  of  the  mole  fraction  of 
n-propanol  in  water. 
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the  change  in  ET(30)  values  for  ethanol  and  n-propanol  versus 
volume  percent  and  Figures  2-3  and  2-4  versus  mole  fraction. 

ET  (30)  measurements  for  methanol  and  acetonitrile  aqueous 
mobile  phases  have  previously  been  discussed  (Dorsey  and 
Johnson,  1987;  Johnson,  1986).  As  previously  evidenced  with 
methanol-water  and  acetonitrile-water  eluents,  the  ET(30) 
polarity  values  for  aqueous  ethanol  and  n-propanol  solutions 
show  non-ideal  behavior  when  related  to  either  mole  fraction 
or  volume  percent  of  organic  modifier.  For  any  binary 
solvent  mixture  to  be  ideal,  the  free  energy  change  upon 
mixing  must  be  linearly  related  to  the  mole  fraction  of  one 
of  the  components  (Lewis  and  Randall,  1961) : 

F1    -    F1°  =  RT  In  X-[_  (2-1) 

where  F  is  the  free  energy  of  the  solution,  R  is  the  ideal 
gas  constant,  T  is  the  temperature  in  Kelvin  and  X  is  the 
mole  fraction  of  the  component  of  interest  .  Any  bulk 
physical  property  that  is  linearly  related  to  the  free 
energy,  like  partial  molar  volume,  dielectric  constant  or 
viscosity,  can  be  substituted  into  equation  2-1.  The 
observation  that  the  described  solvent  mixtures  form 
non-ideal  solutions  is  not  suprising  since  there  are  many 
complicated  intermolecular  interactions  present  .  Nonpolar 
and  nonpolarizable  solvents  such  as  benzene  and  toluene  can 
form  ideal  solutions  because  only  weak  dispersion  forces  are 
predominant . 
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As  has  been  previously  discussed  about  the  organic-rich 
region  of  the  acetonitrile-water  system  (Balakrishnan  and 
Easteal,  1981;  Johnson,  1986),  the  ET-30  probe  molecule  may 
be  sensing  a  breakdown  in  the  hydrogen-bonding  network  of 
the  solutions  in  the  high  and  low  organic  content  ranges.  At 
roughly  80%  organic,  the  ET(30)  polarity  decreases  more 
significantly  than  at  the  higher  water  content  mixtures. 
This  is  believed  to  occur  because  the  association  of  the 
negatively  charged  phenoxide  group  of  ET-30  and  water  is  a 
more  staunch  interaction  than  that  between  the  dye  and 
organic  solvents.  As  the  aqueous  portion  is  almost 
completely  removed,  the  measured  polarity  plunges  drastically 
toward  that  of  the  pure  organic  solvent  because  less  hydrogen 
bonding  is  sensed.  Unlike  the  acetonitrile-water  system, 
however,  the  ET(30)  changes  at  high  organic  shown  here  for 
ethanol  and  n-propanol  aren't  as  great  because  these  alcohols 
are  stronger  hydrogen-bond  donors  than  acetonitrile  . 
Methanol  does  not  exhibit  this  behavior  because  its  hydrogen 
bond  acidity  is  even  stronger  than  the  other  three  solvents 
(Kamlet  et  al . ,  1983) . 

For  high  water  content  mixtures  (less  than  0.2  mole 
fraction),  the  ET(30)  polarity  increases  substantially  from 
the  medium-range  mole  fractions.  From  entropy  and  enthalpy 
of  mixing  data  it  has  been  hypothesized  for  dilute  aqueous 
solutions  of  a  non-electrolyte  that  a  collective 
stabilization  of  the  hydrogen-bond  lattice  of  water  occurs 
due  to  an  increase  either  in  the  energy  of  water-water 
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hydrogen-bonds  or  in  their  number  (Naberuklin  and  Rogov, 
1971) .  Therefore,  it  could  be  that  a  change  in  stabilization 
of  the  hydrogen-bonding  network  of  the  solution  is  being 
sensed  by  the  ET-30  probe  in  the  dilute  alcohol  concentration 
region.  Furthermore,  the  random  mixing  approximation  is  not 
expected  to  be  generally  viable  in  the  limits  of  extreme 
composition  (Schoenmakers  et  al  .  ,  1978),  less  than  a  few 
percent  of  either  mixture  component  at  both  high  and  low 
organic.  In  these  regions,  the  ET-30  probe  molecules  or  the 
minor  component  of  the  binary  solvent  may  associate  to  form 
non-random  mixtures. 

Chromatographic  retention  measurements 

Retention  data  were  gathered  for  ten  solutes  on  an 
octadecylsilane  (C18)  reversed-phase  column  using  aqueous 
methanol,  ethanol,  n-propanol  and  acetonitrile  solutions  as 
the  mobile  phases .  The  test  solutes  were  chosen  so  that  a 
variety  of  compound  types  would  be  used.  Acetonitrile  was 
used  as  a  reference  organic  modifier  from  which  the 
homologous  alcohols  could  be  compared  in  the  form  of  log  k' 
vs.  ET(30)  slope  ratios. 

It  is  expected  that  upon  going  from  methanol  to  ethanol 
to  n-propanol  mobile  phases,  the  slopes  of  the  log  k1  vs. 
ET(30)  plots  for  any  of  the  test  solutes  would  decrease  by  an 
amount  linearly  related  to  the  carbon  number  of  the  alcohol 
modifier.  This  was  believed  since  it  has  been  shown  for 
alcohol-water  mobile  phases  on  a  C18  column  that  the  extent 
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of  solvation  of  the  surface  by  the  alcohol  over  the  water 
increases  with  carbon  chain  length  of  the  alcohol  (Scott  and 
Simpson,  1980).  Yonker  et  al .  (1982b)  have  noticed 
differences  in  solute  selectivity  and  in  the  phase  ratio  of 
the  column  between  modifiers  of  varying  solvating  ability. 
Carr  et  al .  (1986)  and  Dill  (1987)  discussed  the  importance 
of  the  formation  of  solute-sized  cavities  in  the  stationary 
phase  but  both  ignored  the  possible  consequences  of  eluent 
solvation  of  the  surface.  Ying  (1989),  however,  has  shown 
the  binary  interaction  constant  for  water  and  the  organic 
modifier  calculated  by  Dill's  theory,  XaB'  must  be  corrected 
for  the  size  of  the  solute  with  respect  to  the  organic 
modifier . 

An  example  of  the  data  generated  in  this  study  is  the  log 
k*  versus  ET(30)  plots  for  naphthalene  in  all  four  solvent 
systems  (Figure  2-5)  .  The  average  correlation  coefficient 
(r)  for  a  total  of  forty  different  data  sets  (similar  to 
Figure  2-5  but  not  illustrated)  is  0.997  ±  0.002.  By 
observing  the  positioning  of  each  of  the  data  sets  along  the 
ET(30)  axis,  it  is  obvious  that  not  all  of  the  polarities  for 
the  different  solvent  mixtures  overlap.  The  weakest 
n-propanol  solvent  used  (30%)  was  about  1050  cal/mole  less 
polar  than  the  strongest  methanol  solvent  used  (90%) .  It  is 
also  obvious  that  there  are  no  iso-ET(30)  values  in 
reasonable  isocratic  retention  ranges  among  the  four  solvent 
systems.  In  other  words,  there  are  no  points  of  identical 
retention  at  one  particular  ET(30)  value.   If  the  ET(30) 
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Figure  2-5.  The  retention  of  naphthalene  on  an  Ultrasphere 
ODS  column  at  30°C  as  a  function  of  the  ET(30) 
polarity  of  binary  hydroorganic  mobile  phases. 
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values  are  giving  a  useful  measure  of  mobile  phase  strength, 
then  one  possible  explanation  is  a  continued  change  in  the 
solvation  structure  of  the  stationary  phase  even  for  organic 
modifiers  of  the  same  functionality  differing  only  in  size. 

From  Figure  2-5  and  the  slopes  of  equations  1-7  and  1-8 
for  all  ten  solutes  (Table  2-1),  a  few  trends  can  be 
observed.  First,  as  seen  previously  with  aqueous  methanol 
and  acetonitrile  mobile  phases  (Johnson,  1986),  the  slopes  of 
the  log  k'  versus  ET(30)  plots  for  the  ethanol  and  n-propanol 
mobile  phases  increase  with  increasing  solute  size.  The 
conf igurational  entropy  of  the  stationary  phase,  and  thus 
retention  itself,  depends  heavily  on  the  size  of  the  solute 
(Dill,  1987)  .  For  this  work,  the  addition  of  methylene 
groups  in  the  alkylbenzene  homologous  series  (toluene  to 
n-butylbenzene)  produces  a  linear  relationship  with  respect 
to  the  log  k'  versus  ET(30)  slopes  (r  =  0.998  for  ethanol  and 
0.999  for  n-propanol)  .  Second,  the  log  k'  versus  ET(30) 
plots  for  methanol,  ethanol  and  acetonitrile  appear  to  extend 
to  a  common  point .  The  average  intersection  point  between 
the  retention  plots  of  a  solute  using  two  different  modifiers 
came  to  an  average  ET(30)  value  of  65.65  ±  11.60  kcal/mole  (n 
=  30),  which  is  near  the  ET(30)  value  for  pure  water  of  63.1 
kcal/mole  (Reichardt,  1988) .  The  n-propanol  plots,  however, 
do  not  approach  the  other  plots  near  63.11  kcal/mole  at  all, 
which  suggests  that  a  different  mechanism  of  retention  may  be 
occurring  with  the  aqueous  n-propanol  mobile  phases  in 
contrast  to  the  other  three.   Third,  the  expected  results  of 
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a  decrease  in  the  log  k1  versus  ET(30)  slopes  with  increasing 
carbon  number  of  the  alcohol  solvent  modifiers  did  not  occur. 
As  seen  in  Table  2-1,  the  ET(30)  slopes  for  each  test  solute 
decreased  when  going  from  methanol-water  to  ethanol-water, 
but  upon  going  from  ethanol-water  to  n-propanol-water  the 
slopes  increase.  None  of  the  solutes,  however,  showed 
intersections  near  0%  modifier  when  volume  %  was  used  as  the 
eluent  strength  descriptor. 

If  the  slope  of  equation  1-7  for  a  test  solute  in  an 
alcohol-modified  solvent  is  ratioed  to  that  in 
acetonitrile-modif ied  solvent  for  all  three  alcohols,  the 
retention  behavior  for  each  alcohol-water  system  can  be 
compared  to  the  others  for  all  10  solutes.  The  average 
methanol-acetonitrile  ratio  for  all  ten  solutes  came  to  be 
1.13  ±  0.09,  for  ethanol-acetonitrile  0.84  ±  0.05  and  for 
n-propanol-acet onit rile  1.14  ±  0.06.  The 
methanol-acetonitrile  slope  ratio  was  within  experimental 
error  of  the  previously  determined  average  value  of  1.18  ± 
0.05  for  C18  at  40°C  (Johnson,  1986).  The  larger  the  slope 
or  slope  ratio,  the  greater  the  change  in  retention  per  unit 
of  polarity  change.  Methanol  slope  ratios  are  greater  than 
those  for  ethanol  due  to  the  fact  that  in  a  binary 
alcohol-water  mobile  phase,  methanol  does  not  selectively 
solvate  the  stationary  phase  to  as  large  a  degree  as  ethanol. 
When  comparing  one  chromatographic  system  using  methanol  to 
another  using  ethanol,  the  stationary  phase  will  be  less 
polar  (contain  less  alcohol)  for  the  methanol  system  when  the 
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mobile  phases  for  both  are  equal  in  alcohol  composition.  If 
an  equivalent  increase  in  mobile  phase  polarity  as  measured 
by  ET(30)  is  performed  in  each  system,  retention  will  change 
to  a  greater  extent  in  the  methanol  system  than  the  ethanol 
system  due  to  the  greater  difference  in  the  polarity  of  the 
mobile  and  stationary  phases.  For  n-propanol-water  mobile 
phases,  however,  the  stationary  phase  may  be  saturated  by 
n-propanoi  when  using  solutions  of  30%  or  more.  It  was 
calculated  that  when  using  a  9%  n-propanol-water  solvent,  the 
C18  chains  on  the  surface  already  contain  up  to  95%  of  the 
maximum  uptake  by  n-propanol  (Scott  and  Simpson,  1980). 
Therefore,  for  the  concentrations  of  n-propanol  used  (30  to 
70%) ,  increasing  the  amount  of  n-propanol  in  the  solvent  may 
not  produce  changes  at  the  stationary  phase  in  the  same 
manner  as  with  methanol  and  ethanol. 

Another  consideration  is  the  chemical  information 
obtained  from  ET(30)  measurements.  The  ET-30  molecule  is 
sensitive  to  solvent  dipolarity/polarizability  and  hydrogen 
bond  acidity.  According  to  Kamlet  et  al .  (1983),  the  ET(30) 
polarity  of  a  given  solvent  can  be  related  to  the 
dipolarity/polarizability  (K  )  and  hydrogen  bond  acidity  (a) 
scales  by  the  regression  equation 

ET(30)  =  28.21  +  12.4071*  +  14.40a  (2-2) 

For  water,  methanol,  ethanol,  n-propanol  and  acetonitrile, 
respectively,  the  values  of  K      are  1.09,  0.60,  0.54,  0.52  and 
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0.75  and  the  values  of  a  are  1.17,  0.93,  0.83,  0.78  and  0.19. 
These  K  and  a  values  show  only  small  differences  among  the 
three  pure  alcohols.  If  the  trends  seen  in  the  log  k '  versus 
Ern(30)  plots  among  the  various  organic  modifiers  were  not  due 
to  differences  in  the  solvation  structure  of  the  stationary 
phase,  then  the  trends  should  be  due  to  the  solvent 
parameters  measured  by  71  and  a.  Cheong  and  Carr  (1988)  have 
examined  the  K  ,  a  and  P  properties  of  aqueous  solutions  of 
methanol,  2-propanol  and  tet  rahydrof uran  and  attribute 
decreases  in  hydrogen  bond  acidity  for  methanol-water 
mixtures  from  that  of  the  pure  solvents  to  the  formation  of 
less  hydrogen  bond  acidic  complexes.  These  effects  between 
the  different  mobile  phases,  however,  are  normalized  by  the 
Err,  (30)  scale  and  should  not  show  up  as  differences  in  the  log 
k1  versus  ET(30)  plots. 

It  was  necessary  to  see  if  the  hypothesis  of  n-propanol 
saturation  at  the  C18  surface  was  possibly  occurring. 
Retention  measurements  were  made  for  benzylamine  and 
p-nitrophenol,  the  two  least  retained  solutes,  at  n-propanol 
in  water  compositions  below  30%  (10,  15,  20,  25%)  .  The 
previously  determined  n-propanol-acetonitrile  slope  ratio  for 
benzylamine  was  1.09  while  that  for  p-nitrophenol  was  1.15. 
When  the  retention  measurements  were  observed  from  35  to  10% 
n-propanol,  the  new  slope  ratios  for  n-propanol-acetonitrile 
came  to  0.57  for  benzylamine  and  0.23  for  p-nitrophenol.  It 
is  interesting  to  note  that  these  slope  ratios  are  less  than 
the  average  ethanol-acetonitrile  value  of  0.84  ±  0.05.   The 
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p-nitrophenol  value  is  questionable  because  the  log  k1  versus 
ET(30)  plot  was  not  as  linear  as  desired  (r  =  0.969).  Figure 
2-6  shows  the  log  k '  versus  ET(30)  plot  for  benzylamine  from 
10  to  50%  n-propanol  in  water.  The  linear  region  of  the  plot 
extends  from  10  to  about  35%  with  an  apparent  break  occurring 
between  35  and  40%.  It  is  also  interesting  to  note  that  when 
the  point  of  intersection  of  the  10  to  35%  n-propanol  plots 
with  the  other  three  modifiers  was  calculated  for  both 
benzylamine  and  p-nitrophenol,  the  average  ET  ( 3  0  ) 
intersection  point  was  58.70  ±  1.06  kcal/mole  (n  =  6),  which 
is  close  to  the  ET(30)  value  of  pure  water.  Based  on  the 
resulting  n-propanol-acetonit ri le  slope  ratios  and  the 
intersection  of  the  n-propanol  plots  with  those  of  the  other 
three  modifiers,  it  would  appear  that  for  n-propanol 
compositions  at  or  below  30%  the  mechanism  of  retention  is 
similar  to  that  when  using  the  other  modifiers.  Above  30% 
n-propanol,  the  C18  stationary  phase  may  be  saturated  by 
n-propanol  and  a  different  mechanism  of  retention  is 
operative.  While  only  two  data  sets  were  measured  due  to  the 
extremely  long  retention  times  and  poor  peak  shapes  in  this 
mobile  phase  range,  the  implications  are  encouraging. 

If  the  slopes  of  equation  1-7  for  benzylamine  are  plotted 
against  the  carbon  number  of  the  alcohol  modifier,  a  linear 
relationship  is  found  (r  =  0.999),  as  illustrated  in  Figure 
2-7.  The  same  trend  is  seen  for  p-nitrophenol  but  th 
linearity  is  slightly  worse  (r  =  0.979).  When  the  n-propanol 
slope  of  the  30  to  50%  solvents  was  used,  no  linear 
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2-6.  The  retention  of  benzylamine  on  an  Ultrasphere 
ODS  column  at  30°C  as  a  function  of  the  ET(30) 
polarity  of  binary  hydroorganic  mobile  phases 
ranging  from  10  to  50%  (v/v)  n-propanol  in 
water . 
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Figure  2-7.  The  relationship  between  the  retention  behavior 
of  benzylamine  (using  the  ET(30)  model)  on  an 
Ultrasphere  ODS  column  at  30°C  and  the  carbon 
number  of  the  modifier  alcohol  in  a  binary 
hydroorganic  mobile  phase. 
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correlation  was  found  between  the  ET(30)  slope  and  alcohol 
carbon  number.  Thus,  a  systematic  change  in  retention  may- 
occur  when  using  modifier  compositions  in  a  range  where  no 
surface  saturation  occurs. 

In  order  to  see  if  the  solvation  differences  of  the 
stationary  phase  between  solvent  systems  could  be  minimized, 
retention  measurements  for  the  ten  test  solutes  were  made  on 
a  trimethylsilane  (CI)  column.  By  using  a  CI  column,  it  was 
anticipated  that  specific  solvation  interactions  between  the 
solvent  modifier  and  the  bonded  phase  would  be  minimized. 
Normalization  of  the  retention  behavior  of  a  solute  in 
various  solvent  systems  should  then  be  reflected  in  all 
alcohol-acetonitrile  ratios  of  log  k1  versus  ET(30)  slopes 
approaching  unity. 

No  conclusive  results  could  be  found  in  the  CI  retention 
data,  however.  One  of  the  problems  encountered  when  using  CI 
columns  in  RPLC  is  the  impreciseness  of  the  chemistry  of  the 
surface.  The  polarity  of  the  reversed-phase  surface 
increases  as  the  bonded  carbon  chain  is  shortened  since  the 
residual  silanol  groups  are  left  less  shielded  from  the 
solute  and  mobile  phase  and  are  freer  to  interact  in  the 
retention  process  (Antle  et  al.,  1985).  Silanol  interactions 
can  affect  results  in  the  form  of  irreproducible  retention 
times  and  tailed  peak  shapes.  Furthermore,  a  CI  column 
likely  exhibits  an  adsorption  type  mechanism  rather  than 
partitioning  because  of  the  shallow  "depth"  of  the  stationary 
phase.   A   representative  plot  of  the  data  gathered  is  shown 
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for  naphthalene  in  Figure  2-8.  The  linearity  for  all  data 
sets  deteriorated  in  contrast  to  the  C18  data  as  expressed  in 
a  lower  and  more  scattered  average  r  value  of  0.991  ±  0.016 
(n  =  40) .  A  slight  degree  of  curvature  was  evident  with  most 
of  the  plots.  No  surprising  trends  are  noticable  from  the 
ET(30)  slopes  and  S  values  shown  in  Table  2-2.  When  slope 
ratios  were  calculated,  methanol-acetonitrile  remained  about 
the  same  (1.16  ±  0.15),  n-propanol-acetonitrile  increased 
slightly  (1.22  ±  0.20),  and  ethanol-acetonitrile  came  to 
unity  (1.00  ±  0.10).  The  uncertainty  in  each  average  slope 
ratio,  though,  is  too  great  to  make  any  generalizations  with 
respect  to  the  solvation  behavior  of  each  solvent  system  on 
the  CI  surface. 

A  beneficial  aspect  of  this  work  is  the  intersection  of 
the  log  k'  versus  ET(30)  plots  for  different  modifiers  on  a 
C18  column  at  the  ET(30)  value  of  pure  water.  This 
intersection  is  further  evidence  that  the  ET(30)  model  of 
solvent  strength  usefully  monitors  the  RPLC  partitioning 
processes  under  different  equilibrium  conditions.  A  problem 
often  associated  with  the  evaluation  of  solute  lipophilicity 
by  HPLC  is  the  extrapolation  of  equation  1-8  to  0%  organic 
concentration  in  the  mobile  phase  (Garst  and  Wilson,  1984)  . 
The  reproducibility  of  the  retention  value  in  pure  water  (log 
k'w)  is  affected  by  the  magnitude  and  direction  of  curvature 
in  a  log  k'  versus  %  plot  (Garst,  1984).  Reymond  et  al. 
(1987)  have  recently  shown  that  linear  extrapolations  of 
methanol-water  retention  data  yielded  practically  identical 
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Figure  2-8.  The  retention  of  naphthalene  on  a  Zorbax  TMS 
column  at  30°C  as  a  function  of  the  ET  (30) 
polarity  of  binary  hydroorganic  mobile  phases . 
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log  k'  values  as  parabolic  extrapolations  of 
acetonitrile-water  mixtures.  Schoenmakers  et  al .  (1983), 
however,  reported  that  the  quadratic  fit  of  log  k1  versus  % 
organic     modifier     does     not     hold     at     >90%     water,      and     they 

-I/O 

recommend  adding  an  empirical  (%  modifier)1'^  term  for  that 
range . 

Since  more  than  one  binary  solvent  system  can  be  used  to 
determine  the  log  k'w  value,  it  would  be  desirable  to  have  as 
low  of  an  uncertainty  between  log  k'w  values  as  possible.  An 
average  difference  between  log  k'w  values  for  each  test 
solute  in  the  different  mobile  phases  was  determined.  The 
data  sets  used  were  those  for  methanol,  ethanol  and 
acetonitrile .  Due  to  the  previously  discussed  problem  of 
stationary  phase  saturation,  the  n-propanol  data  of  this  work 
was  not  considered.  For  thirty  data  sets,  calculation  of  log 
k'  by  extrapolation  of  %  organic  plots  to  0%  gave  an  average 
difference  of  0.39.  Subsequent  calculation  of  log  k'w  at 
63.11  kcal/mole  (the  ET(30)  polarity  of  pure  water)  for 
ET(30)  plots  gave  an  average  difference  of  0.24;  an 
improvement  of  about  40%.  In  addition,  log  k'  versus  Em (30) 
plots  for  different  modifiers  converge  toward  the  ET(30) 
value  of  water,  as  seen  in  Figure  2-9.  Plots  of  log  k1 
versus  %  for  different  modifiers  do  not  converge  to  0% 
organic  at  all  but  diverge  (Figure  2-10) .  The  use  of  log  k'w 
values  from  ET(30)  plots  has  also  been  demonstrated  for  the 
successful  calculation  of  solvent-solvent  contact  free 
energies  of  binary  organic/water  mixtures  (Ying,  1989) . 
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Figure  2-9.  The  convergence  of  ET(30)  retention  plots  for 
naphthalene  to  the  ET(30)  polarity  of  pure  water 
(63 . 1  kcal/mole) . 
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.aure  2-10.  The  non-convergence  of  %  organic  retention  plots 
for  naphthalene  to  0%  (v/v)  organic  modifier. 


Since  the  scatter  of  the  values  appears  to  be  decreased  from 
scatter  found  using  the  %  model  and  the  ET(30)  plots  for 
different  solvents  converge  to  a  common  point,  the  ET(30) 
solvatochromic  polarity  scale  should  be  a  reliable  means  of 
estimating  log  k'w  values  for  the  evaluation  of  solute 
lipophilicity . 


CHAPTER  III 

ESTIMATION  OF  THE  REVERSED-PHASE  LIQUID  CHROMATOGRAPHIC 

LIPOPHILICITY  PARAMETER  LOG  k»w  USING  ET-30  SOLVATOCHROMISM 


Background 

As  was  stated  in  Chapter  I,  to  date  there  has  not  been  a 
completely  adequate  measure  of  RPLC  eluent  strength  for 
lipophilicity  studies,  but  one  possible  solution  to  the 
problem  lies  in  empirical  solvatochromic  solvent  polarity 
scales.  These  methods  are  useful  for  this  purpose  because 
they  quantify  some  of  the  significant  intermolecular 
interactions  experienced  by  a  solute  in  the  chromatographic 
system.  By  normalizing  the  solvation  interactions  of  the 
mobile  phase  by  a  polarity  scale,  the  bulk  hydrophobic 
interactions  experienced  by  the  solute  between  aqueous  and 
nonpolar  phases  can  be  estimated  by  the  parameter  log  k'w. 
The  ET(30)  scale  is  attractive  for  use  in  RPLC  lipophilicity 
studies  because  the  ET-30  molecule  is  readily  soluble  in  RPLC 
solvents  and  is  extremely  sensitive  to  small  changes  in 
organic  modifier  composition. 

Because  the  ET(30)  solvent  strength  model  provides  a  more 
linear  description  of  the  retention  process  than  equation  1-8 
(Johnson,  1986),  a  more  accurate  estimation  of  log  k'w  should 
result  upon  extrapolation  to  the  polarity  of  mobile  phase 
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containing  no  organic  modifier.  It  has  been  reported 
(Braumann  et  al.,  1983)  that  values  of  log  k'w  estimated  by 
equation  1-8  are  dependent  on  the  modifier  used.  Also,  since 
the  Erp(30)  polarity  scale  shows  a  linear  relationship  with 
log  k',  equation  1-7  should  produce  results  rivaling  or 
surpassing  those  from  using  equation  1-15. 

Two  important  conclusions  made  in  Chapter  II  can  commence 
procedural  changes  that  could  enhance  the  ability  to  estimate 
lipophilicity  by  RPLC.  When  the  retention  data  for  solutes 
were  plotted  with  both  equations  1-7  and  1-8  using  methanol, 
ethanol  and  acetonitrile  as  single  organic  modifiers,  i)  the 
average  difference  between  estimated  log  k'w  values  between 
two  different  modifiers  was  improved  by  40%  with  the  ET(30) 
model  over  %  and  ii)  ET(30)  plots  for  all  three  modifiers 
converged  toward  the  polarity  of  water  while  volume  %  plots 
diverged  at  0%  modifier.  These  conclusions  imply  that  a 
solvatochromic  model  of  eluent  strength,  like  ET(30),  may 
yield  reliable  values  of  log  k'w  in  more  than  just  one 
modifier . 

These  types  of  convenient  linearizations,  however,  are 
likely  the  best  application  of  solvatochromic  measurements  in 
liquid  chromatography  as  it  is  not  clear  that  any  type  of 
true  fundamental  information  can  be  obtained  from  them.  This 
chapter  compares  the  estimation  of  log  k'w  by  the  ET(30)  and 
%  models  of  solute  retention  through  the  calculation  of 
comparative  figures-of -merit  and  correlations  with 
octanol-water  partition  coefficients.    A  discussion  of 
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recommended  execution  of  lipophilicity   experiments  using 
estimated  log  k'w  values  is  also  presented. 

Experimental 

Solvatochromic  measurements 

Solvatochromic  solvent  polarity  measurements  were  made  on 
binary  solutions  of  pure  organic  solvent  and  aqueous  buffer 
using  ET-30  (Reichardt's  Dye)(Aldrich  Chemical,  Milwaukee, 
Wisconsin) .  The  organic  solvents  were  Fisher  (Austin,  Texas) 
HPLC  grade  methanol  and  acetonitrile  and  all  water  used  was 
purified  using  a  Barnstead  (Newton,  Massachusetts) 
purification  system.  One  buffer  was  composed  of  0.02  M  Kodak 
(Rochester,  New  York)  3-morpholinopropanesulfonic  acid  (MOPS) 
and  0.2%  (v/v)  Aldrich  n-decylamine  and  another  made  up  of 
66.6  mM  Fisher  ACS  certified  sodium  phosphate  monobasic. 
Both  buffers  were  adjusted  to  a  pH  of  7 . 4  with  aqueous  sodium 
hydroxide.  Binary  organic-buffer  solutions  were  prepared  by 
mixing  additive  volumes  of  pure  organic  solvent  and  buffer 
solution  in  increments  ranging  from  0  to  100%  organic 
modifier  for  MOPS  buffer  and  from  0  to  70%  for  phosphate 
buffer.  ET-30  was  added  to  the  simulated  mobile  phases  to  a 
final  concentration  of  approximately  100  mg/L.  Samples  were 
placed  into  a  Fisher  5  cm  path  length  glass  cell  and  spectra 
obtained  with  an  IBM  Instruments  (Danbury,  Connecticut)  Model 
9420/9430  UV-Visible  Spectrophotometer.  Six  spectra  were 
acquired  for  each  sample  and  the  ET(30)   values  averaged. 
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Maximum  absorbance  wavelengths  were  determined  using  a  first 
derivative  algorithm  on  the  instrument.  The  ET(30)  data  were 
taken  every  10%  organic  and  fit  to  an  appropriate  degree 
polynomial  using  the  Crickett  Software  (Philadelphia, 
Pennsylvania)  program  STATWORKS  run  on  an  Apple  (Cupertino, 
California)  Macintosh  SE  Microcomputer.  Any  unmeasured  ET(30) 
values  (ie.  45%  methanol  in  MOPS  buffer)  were  determined  by 
interpolation.  ET(30)  polarity  values  for  methanol-water, 
acetonitrile-water  mobile  phases  were  the  same  as  those  used 
by  Johnson  (1986)  . 

Retention  measurements 

RPLC  retention  measurements  were  taken  from  Chapter  II  of 
this  work  and  the  literature  (Baty  and  Sharp,  1988;  Johnson, 
1986;  Lehtonen,  1984;  Reymond  et  al.,  1987;  Schoenmakers  et 
al . ,  1981).  Table  3-1  summarizes  the  pertinent  experimental 
details  of  each  set  of  retention  data. 

Calculations 

All  computations  were  done  on  the  Apple  Macintosh  SE 
computer  with  the  exception  of  the  polynomial  confidence 
intervals,  which  were  done  on  an  Apple  II  48K  microcomputer 
using  the  program  POLYCONFINT,  written  for  this  work.  Linear 
and  polynomial  regression  were  performed  with  STATWORKS  and 
all  other  calculations  accomplished  with  the  Microsoft 
(Redmond,  Washington)  spreadsheet  EXCEL. 
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Results  and  Discussion 


Solvatochromic  polarity  measure~.er.ts  for  neutral  electrolyte 
.solutions 


Studies  have  been  previously  performed  investigating  the 
solvatochromic  polarity  of  surfactant  and  electrolyte 
solutions.  One  study  of  ionic  surfactant  solutions 
(Zachariasse  et  al.,  1981)  showed  that  the  ET(30)  polarity  of 
a  surfactant  solution  was  dependent  on  the  presence  of  added 
buffer  salts.  Using  NMR  data,  it  was  shown  (Zachariasse  et 
al.,  1981;  Plienlinger  and  Baumgartel,  1983)  that  the  charged 
groups  of  ET-30  are  coulombically  influenced  and  align  with 
the  other  oppositely  charged  groups  of  the  surfactants. 
Another  study  using  Kosower's  Z  Scale  (Mohaamed  and  Kosower, 
1970),  which  uses  a  probe  similar  to  ET-30,  has  also  shown 
solvatochromic  polarity  increasing  with  the  addition  of 
electrolyte . 

Table  3-2  presents  the  results  of  this  work  showing  the 
effects  of  increasing  the  amount  of  electrolyte  on  ET(30) 
polarity.  ET(30)  values  were  measured  for  mixtures  of 
organic  modifier  with  neutral  buffers  and  sodium  chloride 
solutions.  Within  an  experimental  error  of  about  0.10 
kcal/mole,  an  increase  in  polarity  is  observed  with  increase 
in  electrolyte  concentration.  ET(30)  values  of  electrolyte 
solutions,  however,  should  be  viewed  with  caution  when 
directly  compared  to  values  taken  in  nonelectrolyte  solutions 
because  of  the  added  coulombic  interactions  between  the 
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Table   3-2. 

The  dependence  of  Bj(30)  polarity  on  the  concentration  of  electrolyte  in 

neutral  aqueous-organic  mixtures. 

Solution  Erp(30)  (kcal/mole) 


Water 

58.30 

50%  (v/v)  Methanol 

1  mM  NaCla 

58.03 

50%  (v/v)  Methanol 

10  mM  NaCla 

58.03 

50%  (v/v)  Methanol 

100  mM  NaCla  58.25 

50%  (v/v)  Methanol 


Water  57.46 

40%  (v/v)  Acetonitrile 

31  mM  Phosphate13  57.40 

40%  (v/v)  Acetonitrile 

66  mM  Phosphate13  57.48 

40%  (v/v)  Acetonitrile 

99  mM  Phosphate13  57.76 

40%  (v/v)  Acetonitrile 


Water  57.46 

60%  (v/v)  Methanol 

10  mM  MOPS0  58.08 

0.2%  (v/v)  DAd 
60%  (v/v)  Methanol 

20  mM  M0PSc  58.73 

0.2%  (v/v)  DAd 
60%  (v/v)  Methanol 

31  mM  MOPSc  59.29 

0.2%  (v/v)  DAd 
60%  (v/v)  Methanol 

asodium  chloride 

^sodium  phosphate  monobasic 

cmorpholino-propane-sulfonic  acid 

dn-decylamine 
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charged  functional  groups  of  the  dye  and  the  electrolytes. 
This  is  evident  when  comparing  the  water-organic  to 
electrolyte-organic  mixtures. 

The  ET(30)  polarity  of  a  solution  is  also  influenced  by 
acidity.  Langals  (1987)  has  shown  that  ET(30)  values  cannot 
be  measured  in  acidic  electrolyte  solutions  because  the 
phenoxide  group  of  ET-30  becomes  protonated  and  the 
charge-transfer  complex  is  destroyed.  There  are  no  problems 
of  complete  protonation  of  the  dye  with  the  work  presented 
here  on  account  of  ET-30  spectra  being  obtained  in  mobile 
phases  buffered  at  pH  7.4.  The  pKa  of  the  dye  has  been 
reported  to  be  8.4  in  50%  methanol-water  (Zachariasse  et  al . , 
1981)  .  Based  on  its  pKa  and  the  pH  of  the  solutions  used, 
ET-30  can  sense  acidic  interactions.  Reichardt  (1988)  has 
defined  polarity  as  the  total  solvating  power  of  the  solvent 
and  thus  these  forces  can  be  included  in  the  ET  (  3  0  ) 
"polarity"  of  basic  solutions. 

The  relationships  between  the  ET(30)  polarity  and  the 
volume  percent  of  methanol  and  acetonitrile  added  to  the 
buffer  solutions  are  shown  in  Figures  3-1  and  3-2.  The 
methanol-MOPS  buffer  curve  in  Figure  3-1  expressed  nonlinear 
behavior  from  0  to  100%.  One  explanation  of  the  shape  of 
this  plot  could  be  that  the  probe  is  more  specifically 
solvated  by  the  MOPS  and  n-decylamine  molecules  at  the  high 
and  low  %  methanol  regions.  Furthermore,  the  random  mixing 
approximation  is  likely  to  fail  at  these  composition 
extremes.   Mobile  phases  of  compositions  between  30  and  70% 
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ET(30) 
(kcal/mole)  55 


Q     Methanol 
♦     Acetonitrile 


20  40  60  80 

%  (v/v)   Organic  Modifier 


100 


Figure  3-1.  The  ET(30)  polarity  change  as  a  function  of  the 
volume  %  of  organic  modifier  in  a  mixture  with 
pH  7 . 4  0.02M  MOPS/0.2% (v/v)  n-decylamine  buffer. 
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64 


62  - 


ET(30) 
Jkcal/mole)  60  - 

58  - 

56 


□     Methanol 
♦     Acetonitrile 


20  40  60 

%  (v/v)  Organic  Modifier 


Figure  3-2.  The  ET(30)  polarity  change  as  a  function  of  the 
volume  %  of  organic  modifier  in  a  mixture  with 
pH  7 . 4  66.6mM  phosphate  buffer. 
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methanol  give  almost  a  linear  polarity  response  with  respect 
to  % .  At  high  and  low  %  methanol,  specific  solvation  of  the 
probe  is  most  likely  different  than  for  the  middle  %  ranges 
to  produce  the  nonlinear  behavior.  The  acetonitrile-MOPS 
buffer  curve  in  Figure  3-1  shows  the  polarity  decreasing 
nonlinearly  from  0  to  80%  acetonitrile  and  rapidly  decreasing 
from  80  to  100%.  This  behavior  is  similar  to  what  has  been 
seen  with  acetonitrile-water  mixtures  (Johnson,  1986) .  The 
phenoxide  group  of  the  ET-30  molecule  is  preferentially 
solvated  by  water  and  once  the  composition  is  higher  than  80% 
acetonitrile,  the  ET-30  molecule  senses  primarily  solvent 
dipolarity  and  no  hydrogen-bonding. 

Mixtures  of  phosphate  buffer  with  both  methanol  and 
acetonitrile  were  studied  and  their  polarity  profiles 
presented  in  Figure  3-2.  The  ET(30)  polarity  for  these 
solutions  also  exhibited  nonlinear  behavior  in  the  range  of  % 
organic  compositions  studied  for  both  solvent  systems .  Due 
to  problems  with  solubility  of  the  phosphate  buffer  salt  with 
the  organic  modifiers,  the  maximum  mobile  phase  compositions 
allowed  were  70%  methanol  and  60%  acetonitrile,  so  n 
polarity  measurements  could  be  made  at  organic  compositions 
greater  than  these. 


Estimation  of  log  k'   by  extrapolation  methods 

Values  of  log  k'w  were  estimated  by  extrapolating  linear 
regression  plots  of  log  k'  versus  %  organic  for  each  solute 
to  0%  organic  modifier  and  plots  of  log  k'  versus  ET(30)  to 
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the  polarity  of  pure  water.  If  a  buffer  solution  was  used  as 
the  aqueous  component  of  the  mobile  phase,  the  ET(30)  plots 
were  extrapolated  to  the  measured  ET(30)  polarity  of  the  pure 
buffer  (63.36  kcal/mole  for  the  MOPS/decylamine  buffer). 
Data  sets  from  this  work  and  the  literature  (Johnson,  1986; 
Lehtonen,  1984;  Reymond  et  al .  ,  1987;  Schoenmakers  et  al .  , 
1981)  were  used  that  had  reported  log  k'  versus  %  organic  on 
a  C18  column  for  both  methanol  and  a  second  solvent  modifier, 
such  as  acetonitrile  or  ethanol.  A  data  set  refers  to  a 
collection  of  log  k'  values  for  one  solute  taken  at  different 
mobile  phase  conditions  using  one  modifier. 

Three  restrictions  were  placed  on  each  set  of  log  k'  data 
used.  The  first  restriction  was  to  not  use  log  k*  values 
above  90%  methanol  or  80%  of  the  second  modifier.  It  has 
previously  been  discussed  (Johnson,  1986)  that  a  limitation 
of  the  ET(30)  polarity  scale  used  as  a  measure  of  mobile 
phase  "strength"  for  RPLC  is  the  occurrence  of  specific 
solvation  effects  between  the  probe  molecule  and  the  solvent 
components  at  high  percentages  of  organic  modifier.  Changes 
in  the  solvent  polarity  above  these  %  values  were  found  to 
not  relate  linearly  to  log  k';  this  is  no  problem,  however, 
because  log  k'  values  measured  with  more  aqueous-rich  mobile 
phases  should  be  used  to  extrapolate  to  log  k'w.  This 
reasoning  will  be  explained  later  in  the  discussion  dealing 
with  confidence  intervals.  A  second  restriction  was  to  not 
use  log  k'  values  much  less  than  -0.30  to  try  to  minimize 
measurement  errors  associated  with  small  values  of  log  k'. 


The  last  restriction  is  directly  related  to  the  first  two 
such  that  if  a  data  set  contained  less  than  four  log  k' 
values,  it  was  not  used.  This  will  also  be  explained  by  the 
confidence  interval  discussion. 

In  order  to  compare  the  reliability  of  the  log  k'w  values 
estimated  by  both  the  %  and  ET(30)  models,  four  figures  of 
merit  (FOM)  were  calculated  using  a  total  of  204  data  sets. 
Final  results  for  each  reference  based  entirely  on  linear 
extrapolations  are  summarized  in  Table  3-3.  The  first  FOM 
was  the  correlation  coefficient,  r,  which  is  a  descriptor  of 
the  "goodness-of-f it "  of  a  linear  model  to  a  set  of  data.  It 
would  be  desirable  to  use  a  model  that  gives  the  most  linear 
description  to  the  data  to  minimize  errors  associated  with 
forcing  a  line  through  data  points  that  do  not  express  linear 
behavior.  In  the  previous  study  of  linearity  of  log  k' 
versus  ET(30)  (Johnson,  1986)  only  ten  data  sets  on  a  C18 
column  were  obtained,  so  r  was  monitored  in  this  study  as 
well  to  check  if  similar  linearity  improvements  over  the  % 
model  are  obtained. 

From  Table  3-3,  it  can  be  seen  that  the  average 
correlation  coefficient  was  greater  using  the  ET(30)  model 
with  the  only  exception  being  where  the  average  r  for  both 
models  was  the  same.  The  overall  apparent  correlation 
improvement  using  ET(30)  over  %  may  only  be  considered 
marginal,  however,  since  all  of  the  average  r  values  are 
greater  than  0.99.  It  was  found  that  retention  plots  using 
methanol  as  the  modifier  were  comparable  between  the  two 
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models  but  acetonitrile  and  ethanol  showed  much  better 
linearity  with  the  ET(30)  model  as  compared  to  volume  %.  An 
F-rest  (Anderson,  1987)  of  95%  confidence  performed  on  the 
variances  of  the  averaged  correlation  coefficients  for  both 
models,  however,  determined  the  two  average  r  values  (n=204) 
to  be  significantly  different.  These  results  solidify 
previous  findings  on  linearity  improvements  and  support  the 
observation  that  a  solvatochromic  polarity  scale  such  as 
Em (30)  provides  a  more  linear  description  of  the  strength  of 
the  mobile  phase  than  the  bulk  organic  modifier  composition. 

A  second  FOM  was  Alog  k'w,  the  difference  between  the  log 
k"  values  estimated  by  two  different  modifiers.  Since  it 
would  often  be  useful  to  employ  another  modifier,  the 
difference  between  estimations  by  the  two  modifiers  should  be 
minimized.  Furthermore,  agreement  of  log  k'w  values  from  two 
(or  more)  modifiers  lends  confidence  to  the  accuracy  of  the 
extrapolated  value.  Chapter  II  of  this  work  has  shown  that 
for  30  data  sets  a  40%  decrease  in  the  Alog  k'w  occurred  when 
using  the  ET(30)  model  over  %.  Table  3-3  shows  a  Alog  k'w 
improvement  of  roughly  21%  when  using  the  Em  (30)  model  for 
all  reference  data  sets  (N  =  117)  (Alog  k'w=0.4089  for  ET(30) 
and  0.5144  for  %) . 

The  third  FOM  is  the  extrapolated  intersection  point  of 
linear  regressions  for  a  solute  using  two  different 
modifiers.  This  intersection  determines  if  two  different 
retention  plots  converge  toward  a  point  indicating  an 
unmodified  aqueous  mobile  phase.   If  a  given  retention  model 
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describes  the  strength  of  the  mobile  phase  in  a  useful 
manner,  then  %  plots  should  converge  to  0%  organic  or  the 
ET(30)  plots  to  the  polarity  of  unmodified  aqueous  solvent. 
It  will  be  defined  here  that  %  intersections  less  than  50% 
organic  and  ET(30)  intersections  greater  than  a  polarity  of 
58  kcal/mole  (the  approximate  polarity  of  50%  organic  mobile 
phase)  will  be  considered  converging  toward  log  k'w.  From 
Table  3-3  it  can  be  seen  that  all  of  the  average 
intersections  of  the  ET(30)  data  sets  converged  toward  the 
polarity  of  water  while  it  is  difficult  to  infer  the  same 
about  the  %  data.  Some  of  the  average  %  intersections  were 
negative,  some  were  positive,  and  the  standard  deviations  of 
those  averages  were  quite  large. 

In  order  to  extract  more  meaning  out  of  the  intersection 
results,  frequency  histograms  were  constructed  to  demonstrate 
the  distribution  of  these  values.  Figure  3-3  shows  the 
spread  of  the  %  intersections  covering  a  range  from  -200  to 
500%  organic  for  97  of  the  114  total  data  sets.  Some 
intersections  could  not  be  calculated  (expressed  in  Table  3-3 
as  a  NULL  result)  because  the  two  retention  plots  of  interest 
were  parallel.  It  was  found  that  70%  of  those  intersections 
occurred  at  values  greater  than  50%  organic,  with  41%  of  the 
total  sets  being  in  the  range  between  100  and  200%  organic. 
Figure  3-4  illustrates  the  spread  of  the  ET(30)  intersections 
in  the  range  from  55  to  70  kcal/mole  for  94  of  the  117  total 
data  sets.  It  was  found  that  78%  of  these  intersections  were 
greater  than  58  kcal/mole,  with  42%  of  the  total  sets 
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Figure  3-3.  Frequency  histogram  of  the  distribution  of 
linear/linear  intersections  between  plots  of  log 
k'  versus  %  methanol  and  log  k'  versus  % 
acetonitrile  or  ethanol . 
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Figure  3-4.  Frequency  histogram  of  the  distribution  of 
linear/linear  intersections  between  plots  of  log 
k'  versus  ET(30)  for  methanol-water  mixtures  and 
log  k'  versus  ET(30)  for  acetonit rile-water  or 
ethanol-water  mixtures . 


87 

occurring  between  60  and  63  kcal/mole.  The  mentioned 
intersection  results  indeed  show  that  linear  regressions  of 
log  k'  versus  ET  (30)  do  converge  toward  the  polarity  of  a 
pure  aqueous  mobile  phase  while  log  k1  versus  %  plots  diverge 
at  0%  organic  modifier.  Based  on  these  intersection  results, 
a  more  useful  estimation  of  the  partitioning  processes 
occurring  in  a  chromatographic  system  at  100%  aqueous  mobile 
phase  may  be  obtained  with  the  ET(30)  solvent  strength  model. 
A  last  FOM  is  the  relative  confidence  interval,  RCI .  The 
RCI  for  a  solute  using  a  particular  organic  modifier 
indicates  the  relative  uncertainty  in  a  log  k'w  value  and  can 
be  compared  with  other  solutes  in  the  same  and  another 
retention  model.  For  a  given  solute  this  FOM  is  calculated 
by  the  equation: 

RCI  =  [(95%  CI)/log  k'w]*100  (3-1) 

where  95%  CI  is  the  95%  confidence  interval  at  log  k'w  and  is 
the  product  of  Student's  t-value  and  the  standard  deviation 
of  the  regression  at  log  k'w  (Anderson,  1987;  Draper  and 
Smith,  1981)  .  The  95%  confidence  interval  is  a  function  of 
the  residual  error  of  the  regression,  the  number  and  spread 
of  the  data  points  on  the  ordinate  (or  x)  axis  and  the 
difference  between  the  centroid  of  the  x  values  and  the 
predicting  x  (0%  organic  or  the  aqueous  ET(30))  .  A  minimum 
in  an  RCI  would  occur  for  a  predicted  abscissa  (or  y)  value 
that  was  positioned  near  the  mean  of  the  x  values  of  a 


regression  model  having  a  correlation  coefficient  near  1  and 
consisting  of  a  large  number  of  data  points  (N>10)  spanning  a 
wide  range  of  x  values.  Based  on  these  statistical  criteria, 
the  data  points  taken  to  perform  the  extrapolation  to  log  k'w 
should  be  done  with  water-rich  mobile  phases  as  close  to  0% 
modifier  added  as  possible.  This  is  why  the  limitation  of 
the  ET(30)  polarity  scale  at  very  high  organic  compositions 
does  not  become  a  limiting  factor,  because  at  high  %  organic 
the  extrapolated  value  is  much  less  reliable.  Also,  at  least 
four  log  k'  values  are  needed  for  a  linear  extrapolation. 
The  degrees  of  freedom  (VF)  for  the  regression  equal  N-P,  the 
number  of  data  points  minus  the  number  of  parameters  in  the 
regression  model.  Student's  t-value  for  less  than  four  data 
points  increases  significantly  for  a  linear  model  (for  N-P=2, 
VF=4.30)  and  even  moreso  for  a  second  order  polynomial  (for 
N-P=l,  VF=12.7)  (Draper  and  Smith,  1981). 

The  RCI  results  are  shown  in  Table  3-3.  For  all  data 
sets  (N=193  for  %  and  202  for  ET(30)),  the  overall  relative 
uncertainty  in  the  estimated  log  k'  values  is  lower  when 
using  the  ET(30)  model.  An  F-test  statistically  verified 
this  observation.  The  greatest  difference  in  RCI  between  the 
two  retention  models  is  with  the  data  sets  of  Reymond  et  al . 
(1987)  and  Lehtonen  (1984)  because  data  points  were  taken  as 
low  as  10%  organic  in  many  cases  and  the  ET(30)  plots  were 
very  linear.  The  average  of  the  RCI  data  of  Johnson  (1986), 
Schoenmakers  et  al.  (1981)  and  this  work  did  not  favor  the 
ET(30)   model  to  as   large  an  extent,   but   the   standard 
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deviation  of  those  RCI's  was  also  lower.  As  was  seen  with 
Alog  k\.,  the  magnitude  of  improvement  in  RCI  varied  with  the 
data  reference  because  some  experiments  were  done  with  more 
log  k'  data  points  than  others  but  in  all  cases  the  ET(30) 
data  was  more  favorable  than  the  %  data. 

The  four  f  igures-of-merit  in  this  study  were  also 
recalculated  for  the  data  sets  using  the  second  modifiers 
acetonitrile  and  ethanol  in  which  a  polynomial  regression  was 
fit  to  the  data.  Table  3-4  presents  a  comparison  of  the 
polynomial  %  and  the  ET(30)  results  from  Table  3-3.  The  r 
and  RCI  results  are  only  for  the  polynomial  regressions  of 
acetonitrile  and  ethanol  and  the  Alog  k'w  and  intersection 
results  are  for  linear  methanol  data  used  with  polynomial 
acetonitrile  or  ethanol  data.  As  statistically  and 
theoretically  expected,  the  polynomial  regressions  yielded 
correlation  coefficients  of  almost  1.  Another  positive 
aspect  of  using  the  %  polynomial  over  the  %  linear  regression 
is  seen  in  the  Alog  k'w  and  intersections  data,  where  the 
scatter  in  the  log  k'w  values  was  reduced  and  the  regression 
models  intersected  near  0%  organic.  Figure  3-5  exhibits  the 
frequency  histogram  for  the  intersections  between  the  linear 
methanol  plots  and  the  polynomial  acetonitrile  or  ethanol 
plots.  All  of  these  data  were  found  to  converge  to  0% 
organic  with  82%  of  them  occurring  between  -10  and  20% 
organic . 

Relative  confidence  intervals  were  also  calculated  for 
the  polynomial-extrapolated  log  k'w  values.   It  was  found 
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Figure  3-5.  Frequency  histogram  of  the  distribution  of 
intersections  between  linear  plots  of  log  k1 
versus  %  methanol  and  polynomial  plots  of  log  k' 
versus  %  acetonitrile  or  ethanol . 
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that  the  RCI's  for  the  %  polynomial  fits  were  still  larger 
than  those  for  ET(30)  and  determined  to  be  statistically 
different  by  an  F-test  .  An  added  level  of  uncertainty  is 
contributed  to  the  %  organic  retention  model  by  the 
squared-term  of  the  second-order  polynomial  equation.  The 
number  of  degrees  of  freedom  when  calculating  a  second-order 
polynomial  will  be  a  value  of  one  larger  than  that  for  a 
linear  regression  because  the  value  of  P  increases  by  one.  A 
solution  with  which  to  improve  the  RCI  for  polynomial 
estimated  log  k'  is  to  measure  at  least  a  total  of  five  or 
six  points  on  the  log  k'  versus  %  plot  toward  0%  organic  and 
thus  increase  the  number  of  degrees  of  freedom  of  the 
regression.  While  this  is  a  worthy  solution,  the  time  of 
analysis  would  be  greatly  increased  over  using  a  linear 
solvatochromic  model  which  only  requires  a  total  of  four  or 
five  points . 

Procedures  for  the  estimation  of  log  k'^ 

Certain  procedures  should  be  followed  to  ensure  reliable 
results  from  the  estimation  of  log  k'w  by  extrapolation 
methods.  Both  the  solvatochromic  and  linear/polynomial  % 
models  give  reasonable  statistical  results.  It  is 
recommended  that  only  polynomial  fits  should  be  used  for 
acetonitrile  or  ethanol  %  plots.  The  log  k'w  values 
estimated  by  both  models,  however,  are  different  and  deciding 
which  model  gives  the  most  accurate  estimation  of  the 
lipophilic  properties  of  solutes  could  only  be  done  by 
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comparative  QSRR/QSAR  studies  with  real  biological  and 
environmental  partitioning  data.  Table  3-5  shows  the  results 
of  correlation  analysis  between  log  k'w  and  log  PQW  for  the 
data  of  this  work,  Reymond  et  al.  (1986)  and  Schoemakers  et 
al.  (1981)  .  The  values  of  log  PQW  were  taken  from 
shake-flask  (Hansch  and  Leo,  1979)  and  calculation  (Reymond 
et  al.,  1986)  methods.  A  separate  correlation  was  done  for 
each  mobile  phase  system  and  the  slopes,  intercepts  and 
correlation  coefficients  are  reported.  Figure  3-6  shows  an 
example  correlation  between  ET(30)  estimated  log  k'w  from  the 
data  of  Schoenmakers  et  al .  (1981)  and  log  Pow.  It  can  be 
seen  from  Table  3-5  that  for  all  solvent  systems  the  ET(30) 
estimated  log  k'w  values  give  larger  slopes  and  comparable 
correlation  coefficients.  This  implies  that  the 
solvatochromic  method  gives  a  more  sensitive  scale  with  which 
to  measure  solute  lipophilicity,  but  not  a  direct  measure  of 
log  PQW  values.  Log  k'w  has  been  proposed  to  be  a  useful 
lipophilicity  descriptor  by  itself  (Braumann  et  al .  ,  1987) 
and  these  results  support  this  belief. 

Following  sound  statistical  practice  is  important  for 
estimating  log  k'w  values  of  minimal  uncertainty.  Data 
points  on  a  plot  of  log  k'  versus  mobile  phase  strength 
should  be  taken  in  water-rich  eluents  as  close  as  possible  to 
the  value  of  unmodified  aqueous  mobile  phase.  The  variance 
in  the  regression  model  is  dependent  on  the  centroid  as  well 
as  the  spread  and  number  of  the  data  points  along  the 
ordinate  axis.   Ideally,  log  k'  values  should  be  taken  down 
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Figure  3-6.  Correlation  between  ET(30)  estimated  log  k'w  and 
octanol-water  partition  coefficients  (Hansch  and 
Leo,  1979)  (log  k'w  estimations  done  using 
retention  data  of  Schoenmakers  et  al.  (1981)). 
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to  10%  modifier,  but  the  chromatographic  partition 
coefficient  limits  this  process  so  that  the  lowest  modifier 
composition  for  the  elution  of  some  compounds  is  roughly  50% 
methanol.  This  is  in  contrast  to  the  work  of  Opperhuizen  et 
al .  (1987),  who  extrapolated  back  to  log  k'w  from  4  data 
points  ranging  from  80  to  95%  methanol  in  water.  Since  the 
solvatochromic  ET(30)  model  yields  linear  retention  behavior 
for  modifiers  that  are  slightly  stronger  than  methanol,  like 
acetonitrile  and  ethanol,  and  ET(30)  plots  for  all  three  of 
these  modifiers  converge  toward  the  polarity  of  unmodified 
mobile  phase,  a  solvatochromic  model  would  be  useful  for  this 
type  of  experiment.  Using  organic  modifiers  stronger  than 
acetonitrile  or  ethanol,  such  as  propanol  or  tetrahydrofuran, 
is  not  desirable,  however,  because  of  specific  solute  (Nahum 
and  Horvath,  1980)  and  stationary  phase  (this  work;  Ying, 
1989)  solvation  effects  that  produce  a  different  mechanism  of 
retention . 

It  is  also  crucial  to  accurately  measure  the  void  time  of 
the  chromatographic  system.  As  evident  from  equation  1-13, 
gross  errors  in  the  measurement  of  tQ  can  yield 
unsatisfactory  k'  values  and  ruin  the  effectiveness  of  the 
experiment.  Three  different  methods  for  measuring  tQ  were 
used  in  this  study:  solvent  elution,  sodium  nitrate  elution 
and  the  time  required  for  traversing  the  column  at  a  constant 
flow  rate.  The  best  method  to  use,  however,  is  both 
uncertain  and  controversial  (Berendsen  et  al.,  1980;  Hennion 
and  Rosset,  1988) .   While  it  may  be  argued  that  any  change  in 
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t0  due  to  the  solvation  structure  of  the  stationary  phase  at 
different  eluent  compositions  is  insignificant,  these 
solvation  structure  changes  have  been  detected  (Yonker  et 
al.,  1982b;  McCormick  and  Karger,  1980a). 

To  statistically  study  how  the  reliability  of  a  log  k' 
versus  solvent  strength  extrapolation  changes  with  the  range 
and  centroid  of  the  data  points,  a  data  set  with  twelve 
points  covering  a  wide  range  of  solvent  compositions  was 
used.  In  Table  3-6  the  data  point  closest  to  pure  water  was 
removed  in  succession  until  five  data  points  remained  in  the 
high  organic  portion  of  the  plot.  As  the  range  and  number  of 
data  points  became  smaller  and  more  removed  from  water,  the 
value  of  the  RCI  became  larger.  Also  note  for  both  solvent 
strength  models,  the  value  of  log  k'w  became  smaller  when  the 
data  points  were  in  the  organic-rich  region.  Table  3-7  shows 
the  effects  of  shifting  the  centroid  of  the  ordinate  axis 
farther  from  water  when  the  range  of  the  dara  points  is  kept 
constant.  As  the  centroid  reaches  a  value  of  75%  organic, 
the  uncertainty  in  the  extrapolation  with  both  models  becomes 
very  large.  These  results  illustrate  that  log  k'  values  must 
be  measured  in  water-rich  mobile  phases  to  keep  the 
uncertainty  about  the  extrapolated  log  k'w  value  as  low  as 
possible . 

Of  the  117  intersections  calculated  in  this  paper  using 
the  ET(30)  model,  14  were  found  to  not  converge  to  the 
polarity  of  unmodified  mobile  phase.  Of  those  fourteen 
divergent  sets,  ten  included  a  solute  with  a 
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r.itrogen-containing  functional  group  that  could  be  highly- 
interactive  with  a  surface  silanol  (eighteen 
nitrogen-containing  sets  altogether) .  The  use  of 
£T  (30) -est imated  log  k'  values  for  the  calculation  of 
solute/solvent  contact  free  energy  in  RPLC  has  also  been 
investigated  (Ying,  1989)  and  have  found  the  same  problem  of 
nitrogen-containing  compounds  interacting  with  surface 
silanols . 

Employing  a  stationary  phase  that  provides  the  most 
nonpolar  surface  would  be  desirable  since  the  influence  of 
residual  silanols  would  be  minimized.  Silanol-solute 
interactions  can  be  decreased  by  using  masking  agents  in  the 
mobile  phase .  The  masking  agent  binds  to  the  silanols  and 
allows  a  polar  solute  to  primarily  interact  with  hydrophobic 
ligands .  Studies  using  lipophilic  amines  like 
tetraethylamine  or  n-decylamine  in  the  mobile  phase  (El  Tayar 
et  al.,  1988;  Bayer  and  Paulus,  1987)  have  observed  that  for 
hydrogen-bond  accepting  solutes,  capacity  factors  decrease 
due  to  an  absence  of  any  adsorption  processes.  For  the  data 
of  Reymond  et  al.  (1987)  where  the  masking  agent  n-decylamine 
was  used  for  nicotinate  esters,  the  ET(30)  model  linearly 
described  the  acetonitrile  retention  data  where  %  did  not. 
For  the  data  of  Baty  and  Sharp  (1988)  where  no  masking  agent 
was  employed  for  aromatic  amides,  the  ET(30)  scale  improved 
the  linearity  of  the  acetonitrile  data  but  could  not 
completely  remove  the  curvature  (Figures  3-7  and  3-8)  .  A 
disadvantage  with  using  these  agents,  however,  is  that 
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Figure  3-7.  Relationship  between  log  k'  and  %  (v/v) 
acetonitrile  in  water  for  the  retention  data  of 
Baty  and  Sharp  (1988) . 
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depending  on  the  working  pH,  they  can  form  ion-pairs  with 
specific  solutes  and  alter  the  measured  hydrophobicity  of  the 
solute . 

Another  method  of  minimizing  silanol  interactions  that 
would  be  more  reproducible  between  experiments  than  using 
masking  agents  is  by  exhasust ively  endcapping  and/or 
producing  a  high  bonding  density  C18  phase.  Endcapping  is  a 
procedure  where  after  derivatizing  a  silica  surface  with  a 
functional  ligand,  excess  CI  ligands  are  bonded  to  the 
remainder  of  the  reactive  silanols  on  the  surface.  Knox  et 
al .  (1988)  have  shown  in  a  direct  comparison  of  endcapped  and 
unendcapped  C18  stationary  phases  that  log  k'  for 
alkylbenzenes  is  increased  for  an  endcapped  column.  Another 
study  done  has  shown  for  small,  polar  solutes,  that 
directly-measured  log  k'w  values  are  more  reproducible  (Cole 
and  Dorsey,  1989) .  Some  contact  between  solute  and  silanols 
can  still  periodically  occur,  however,  because  of  lateral 
vibrational  motion  of  the  bonded  ligands  (Foti  et  al.,  1989). 

To  obtain  consistent  inter-column  estimations,  it  would 
perhaps  be  necessary  to  produce  a  standard  column  for 
lipophilicity  measurements.  This  column  should  use  one  type 
of  bulk  silica  (with  respect  to  particle  size  as  well  as  pore 
and  crystalline  structure)  and  specific  ligand  bonding 
reactions.  Sentell  (1987)  has  found  using  monomeric  and 
Sander  and  Wise  (1987)  with  polymeric  C18  phases  that  the 
shape  selectivity  of  the  RPLC  system  increases  with  alkyl 
chain  bonding  density.    Dill  et  al  .   (1988)  have  predicted 
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that  when  the  bonding  density  of  a  monomeric  C18  phase 
reaches  2.7  |lmole/m  ,  the  thermodynamic  partition  coefficient 
for  the  RPLC  system  attains  a  maximum.  Sentell  (1987) 
experimentally  found  this  maximum  bonding  density  to  be  3.1 
Jimole/m^.  Sentell  (1987)  also  observed  that  retention 
leveled  off  at  bonding  densities  higher  than  where  the 
maximum  in  the  partition  coefficient  occurs  and  believed  this 
to  occur  because  of  compensating  changes  in  the  partition 
coefficient  and  the  volume  of  the  stationary  phase.  While 
polymeric  stationary  phases  can  yield  higher  bonding 
densities  than  monomeric  ones,  monomeric  bonding  reactions 
are  more  reproducible  (Sander  and  Wise,  1987)  . 


CHAPTER  IV 

SOLVATOCHROMIC  EXAMINATION  OF  THE  SURFACE  POLARITY  OF 

CHROMATOGRAPHIC  ALUMINA 


Background 

As  was  stated  in  Chapter  I,  there  are  currently  no 
continuous  and  convenient  methods  for  describing  the  activity 
of  the  alumina  surface.  The  elution  procedures  of  Snyder 
(1968)  and  Brockmann  and  Schodder  (1941)  are  tedious  to 
perform  and  have  inherent  error  associated  with  solute 
partition  coefficient  quantitation.  Other  techniques  that 
attempt  to  count  the  number  of  acidic  aluminol  sites  (Healy 
et  al.,  1989;  Van  Veen,  1988)  are  limited  by  problems  with 
standardization.  What  is  needed  is  a  means  of  approximating 
the  alumina-solute  intermolecular  interactions  characteristic 
at  the  surface. 

The  nature  of  the  acid-base  interactions  at  the  surface 
have  been  studied  by  observing  the  spectra  of  indicators 
adsorbed  onto  the  surface.  One  method  exploited  azobenzene 
as  a  probe  and  observed  the  Raman  and  UV-VIS  spectra  of  the 
dye  on  silica  (Sayed,  1987) .  Using  carbon  tetrachloride  as  a 
carrier  solvent,  the  wavelength  difference  between  the 
solution  and  adsorbed  azobenzene  visible  spectra  were  thought 
to  be  indicative  of  charge-transfer  and  hydrogen  bonding 
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processes  occurring  between  probe  and  surface.  A  peak,  shift 
of  20  nm  was  seen  for  the  band  attributed  to  the  azo  group 
when  the  silica  was  activated  at  1073  K  compared  to  673  K. 
Surface  silanols  were  labeled  as  the  source  of  activity  due 
to  the  azobenzene  spectral  changes  and  an  inability  of  the 
adsorbent  to  receive  a  solute  after  high  temperature 
activation . 

Another  indicator  method  adsorbed  the  cationic  dye  Janus 
Red  onto  alumina  to  study  the  ion-exchange  chromatographic 
abilities  of  the  surface  (Tiwari  et  al.,  1983).  Adsorption 
isotherms  for  the  dye  on  the  alumina  showed  that  as  the 
pretreatment  pH  conditions  were  varied,  the  adsorptive 
properties  also  varied.  When  the  surface  was  modified  at 
neutral  pH,  only  aluminols  were  present  and  no  sorption  of 
the  cationic  Janus  Red  occurred.  At  high  pH,  the  aluminols 
were  deprotonated  leaving  anionic  sites  that  were  free  to 
interact  with  the  dye . 

Silica  surface  polarity  has  also  been  determined  by  the 
solvatochromic  comparison  method  (Lindley  et  al.,  1985).  The 
K* ,  a  and  (5  parameters  were  measured  on  two  types  of  silica 
samples  using  UV-Visible  diffuse  reflectance  spectroscopy. 
The  surface  chemistries  of  the  two  silicas  were 
distinguished.  Surface  hydrogen  bonding  acidity  (measured  by 
a)  was  found  to  be  the  most  affected  parameter.  Dipolarity 
(71*)  also  changed  but  not  to  as  large  an  extent  and  hydrogen 
bond  basicity  (P)  did  not  vary  at  all.  The  overall  7C* 
dipolarity  of  the  silica,  however,  was  found  to  be  greater 
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than  that  of  any  liquid  solvent  and  the  variations  of  all 
three  polarity  scales  between  silica  grades  showed  the 
existence  of  more  than  one  kind  of  adsorption  site.  It  was 
believed  that  the  dipolarity  of  the  surface  was  the  most 
dominating  trait  of  metal  oxide  surfaces  because  of  the  large 
contrast  between  liquid  solvents  and  the  solid  oxide. 

While  characterizing  surface  activity  by  the 
solvatochromic  comparison  approach  is  successful  at 
distinguishing  surface  chemistries  of  acidic  oxides,  many 
measurements  must  be  made  to  perform  the  evaluation.  Lindley 
et  al.  (1985)  needed  to  analyze  ten  different  indicators  to 
determine  the  overall  polarity  profile  of  one  silica  grade. 
The  final  values  of  each  parameter  were  also  found  to  depend 
on  more  than  just  one  interaction  when  the  dyes  were  in  the 
adsorbed  state,  as  noticed  by  varying  the  type  of  7C* 
indicator  used. 

A  useful  approach  to  estimating  the  activity  of  alumina 
would  be  to  measure  the  ET(30)  polarity  of  the  surface. 
Since  the  spectrum  of  ET-30  is  sensitive  to  dipolarity  and 
hydrogen  bond  acidity  (also  Lewis  and  Bronsted  acidity  as 
noted  in  Chapter  III),  changes  in  these  polarity  parameters 
on  the  surface  should  be  detectable  with  this  dye .  As  was 
found  by  Lindley  et  al.  (1985),  the  adsorptive  and  reactive 
behavior  of  oxide  surfaces  is  controlled  by  a  combination  of 
these  two  interactions. 

An  advantage  of  both  the  solvatochromic  comparison  and 
ET(30)   approaches  have  over  the  quantitative  titration 
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methods  is  no  peak  calibration  need  be  done.  Only  the 
maximum  absorbance  wavelength  is  required  to  calculate  the 
polarity . 

Distinct  advantages  of  ET(30)  over  the  solvatochromic 
comparison  method  exist  for  examining  alumina  polarity.  It 
is  less  labor  intensive  since  only  one  dye  needs  to  be 
analyzed  on  one  alumina  sample.  As  was  stated  in  Chapter  I, 
it  is  more  desirable  to  use  the  ET(30)  scale  because  it  is 
the  least  labor  intensive  of  two  empirical  methods  and  the 
most  polarity  sensitive  scale  known  to  date.  Also,  because 
the  dipolarity  and  hydrogen  bond  acidity  of  the  surface  can 
be  measured  by  one  probe,  no  complications  arise  over  whether 
the  probe  is  detecting  a  single  and  discreet  interaction. 
Solvatochromic  comparison  also  has  no  defined  set  of 
indicators  to  allow  the  procedure  to  be  standardized. 

To  determine  if  the  activity  of  alumina  can  be 
quantitated  into  a  continuous  and  convenient  scale,  the 
surface  polarity  of  chromatographic  alumina  was  been  studied 
with  the  ET(30)  scale.  By  adsorbing  the  ET-30  molecules  onto 
the  surface  and  measuring  its  diffuse  reflectance  spectrum, 
the  shift  in  the  charge-transfer  band  of  the  dye  was  related 
to  changes  in  the  pretreatment  conditions.  These  polarity 
differences  have  been  related  to  the  bulk  water  content  of 
the  alumina,  activation  temperature  and  chromatographic 
retention . 
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Experimental 


Surface  polarity  measurements 

Solvatochromic  measurements  were  made  with  ET-30 
(Reichardt's  Dye)  (Aldrich  Chemical,  Milwaukee,  Wisconsin) 
and  the  alumina  was  50  to  250  |Im  neutral  chromatographic 
grade  X-tYP6  obtained  from  the  Aluminum  Company  of  America 
(Pittsburgh,  Pennsylvania) .  The  carrier  solvent  was  Fisher 
(Austin,  Texas)  HPLC  grade  acetonitrile  dried  by  distillation 
over  Sigma  (St.  Louis,  Missouri)  molecular  sieve  3A. 

For  the  water  deactivation  study,  the  alumina  was  dried 
under  vacuum  at  110°C  for  48  hours  in  a  Fisher  model  281  oven 
and  cooled  under  vacuum  in  a  dessicator.  An  exact  weight  of 
deionized  water  was  added  to  a  known  weight  of  dried  alumina 
to  obtain  the  desired  weight  percentage.  The  water-alumina 
mixture  was  shaken  until  no  clumps  remained  and  left  standing 
for  at  least  2  hours  in  a  dessicator. 

For  the  temperature  activation  study,  the  alumina  was 
dried  under  vacuum  for  72  hours  at  the  desired  temperature 
and  cooled  under  vacuum  in  a  dessicator.  For  100  to  300°C 
samples,  the  Fisher  model  281  oven  was  used  and  for  300  to 
600°C  samples,  a  Thermolyne  (Dubuque,  Iowa)  model  1400  muffle 
furnace . 

The  dye  was  applied  by  mixing  a  standard  dye  solution 
with  an  alumina  slurry  and  removing  the  carrier  solvent. 
Solutions  of  ET-30  in  dry  acetonitrile  were  prepared  at 
concentrations  ranging  from  400  to  700  mg/L.   A  slurry  of  a 
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known  weight  of  alumina  and  25  mL  of  dry  acetonitrile  was 
made  and  an  exact  volume  of  standard  ET-30  solution  added. 
After  5  minutes  of  rotating  on  a  Buchi  (Westbury,  New  York) 
model  RE121  rotary  evaporator,  the  slurry  was  allowed  to 
settle  and  the  bulk  liquid  poured  off.  The  remaining  solvent 
was  removed  by  rotating  at  35°C  under  vacuum  in  the  rotary 
evaporator  for  at  least  30  minutes . 

The  UV-VIS  spectrum  of  ET-30  on  the  alumina  was  taken  by 
diffuse  reflectance  spectroscopy  (DRS) .  An  alumina/ET-30 
sample  was  vibration-packed  into  a  quartz  cuvette  and  DRS 
done  with  an  IBM  Instruments  (Danbury,  Connecticut)  model 
9420/9430  Spectrophotometer  equipped  with  an  integrating 
sphere  attachment .  Spectra  were  referenced  to  an  unmodified 
alumina  sample.  Peak  maxima  were  determined  using  the  first 
derivative  of  the  absorbance  spectrum. 

Fourier  Transform  Infrared  Spectroscopy  (FTIR)  was  done 
on  selected  alumina  samples  using  a  Nicolet  (Madison, 
Wisconsin)  5DXB  FTIR  spectrometer  equipped  with  a  single 
reflection  diffuse  reflectance  attachment.  Alumina  samples 
were  hand-packed  into  a  stainless  steel  sample  cup  accessory 
for  the  diffuse  reflectance  attachment. 

Chromatographic  retention  measurements 

All  retention  measurements  were  obtained  with  a  Beckman 
(San  Ramon,  California)  model  100A  isocratic  LC  pump,  a 
Beckman  model  153  fixed  wavelength  UV  detector  (254  nm)  ,  a 
Valco  (Houston,  Texas)  C6W  injector  with  a  10  |!L  sample  loop, 
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a  Fisher  Recordall  Series  5000  strip  chart  recorder  and  a 
Hamilton  (Reno,  Nevada)  705  SNR  LC  syringe.  Mobile  phases 
consisted  of  60  and  70  %  (v/v)  Fisher  HPLC  grade  chloroform 
in  hexane  .  Analytical  columns  were  14  cm  X  4.6  mm  in 
dimension  and  hand-packed  with  alumina.  Pre-injector  columns 
were  packed  with  the  same  material  as  the  analytical  columns. 
Pure  solutes  were  used  as  received  and  stock  solutions  made 
in  50%  (v/v)  chloroform  in  hexane:  Aldrich 
3, 5-dinitroaniline  and  4-amino-2 , 6-dinitrotoluene  and  Eastman 
Kodak  (Rochester,  New  York)  4-nitroaniline .  Retention  times 
were  determined  manually  and  the  breakthrough  time  used  to 
calculate  capacity  factors  found  by  the  elution  of  an 
injection  of  HPLC  hexane. 

Results  and  Discussion 


ET-30  spectra  on  alumina 

The  UV-VIS  diffuse  reflectance  spectrum  of  ET-30  on 
activity  grade  I  %-alumina  can  be  seen  in  Figure  4-1.  Three 
major  bands  are  seen.  In  the  visible  region  (X  >  400  nm)  is 
an  absorbance  due  the  charge-transfer  complex  formed  between 
the  dye  and  the  surface.  This  complex  must  primarily  result 
from  hydrogen  bond  donation  by  the  alumina  and  a  dipolar 
alignment  of  ET-30  onto  active  sites.  Other  bands  are 
positioned  close  to  240  and  310  nm,  respectively,  and  result 
from  the  absorption  of  the  large  Tt-electron  system  of  ET-30. 
A  note  of  interest  is  that  the  \nax   of  the  charge-transfer 
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band  was  roughly  30  nm  negatively  solvatochromic  (shorter 
wavelength  with  increasing  polarity)  than  that  of  pure  water 

(63.11  kcal/mole)  or  buffer  solutions  (63.36  kcal/mole) . 
This  behavior  is  similar  to  the  71*  polarity  exhibited  by 
silica  (Lindley  et  al . ,  1985).  Visually,  the  dye  expressed  a 
yellow  color  on  this  activity  grade  of  alumina  and  after 
standing  exposed  to  the  atmosphere  for  3  hours,  the 
ET-30/alumina  sample  took  on  a  red  color. 

Since  the  ET-30  molecule  is  zwitterionic,  dimerization 
can  occur  at  high  concentrations  and  alter  the  measured 
polarity.  Forming  more  than  a  monolayer  of  probe  on  the 
surface  brings  about  self-association.  Problems  of 
overloading  dyes  were  noted  in  the  data  of  Lindley  et  al. 

(1985)  who  observed  increasing  71*  values  with  increasing 
weight  %  of  dye  onto  silica. 

The  effects  of  concentration  were  studied  by  a  classical 
adsorption  isotherm  and  changes  in  the  visible  spectrum.  The 
amount  of  dye  adsorbed  was  calculated  as  a  function  of  the 
amount  added  to  the  alumina/acetonitrile  slurry.  To 
determine  the  amount  of  ET-30  adsorbed,  the  amount  in  the 
bulk  liquid  was  measured  after  separation  from  the  alumina 
and  subtracted  from  the  amount  added  to  the  original  slurry. 
Figure  4-2  shows  the  adsorption  isotherm  of  ET-30  onto 
activity  grade  I  material  is  linear  over  a  range  from  95  to 
950  mg  ET-30  added  per  kg  of  alumina.  It  was  not  necessary 
to  find  the  plateau  of  the  isotherm  since  spectra  were 
desired  to  be  taken  at  as  low  a  concentration  as  possible. 
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Figure  4-2.  The  adsorption  isotherm  for  ET-30  onto  activity 
grade  I  /-alumina  using  an  acetonitrile  carrier 
solvent . 
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The  slope  of  this  isotherm  was  nearly  equal  to  1  (0.986), 
suggesting  almost  complete  adsorption  onto  the  surface.  A 
similar  isotherm  was  also  done  on  15%  water  added  to  the 
alumina  (activity  grade  V)  and  a  linear  relationship  with  a 
slope  of  0.685  was  found.  A  smaller  slope  with  activity 
grade  V  makes  sense  since  more  active  sites  have  been 
occupied  by  water  in  the  form  of  hydration  reactions  and  bulk 
adsorption.  Because  the  dye  can  dimerize,  however,  the  lack 
of  a  plateau  does  not  suggest  a  monolayer  was  not  exceeded. 

Spectral  analysis  as  a  function  of  the  amount  of  dye 
adsorbed  was  also  needed  to  truly  determine  if  any 
self-association  would  occur.  Figure  4-3  is  a  series  of 
overlayed  ET-30  on  alumina  spectra  showing  the  effects  of 
increased  dye  concentration  on  the  charge-transfer  band.  The 
measured  polarity  did  not  change  at  all  for  the  four  lowest 
concentrations  (95.3  to  379  mg  ET-30  added/kg  alumina)  .  At 
the  two  higher  levels  (474  and  572  mg/added)  ,  the  peaks 
became  broader  and  began  shifting  to  longer  wavelengths.  It 
was  concluded  that  working  at  concentration  levels  below  300 
mg  added/kg  would  provide  consistent  polarity  data. 

It  must  be  noted,  however,  that  the  polarity  measured  in 
this  experiment  is  not  absolute.  Since  a  carrier  solvent, 
acetonitrile  in  this  study,  is  needed  to  apply  the  dye  onto 
the  surface,  some  residual  solvent  will  remain  after  the 
desorption  procedure.  This  is  shown  in  Figures  4-4  and  4-5, 
which  display  FTIR  diffuse  reflectance  spectra  of  the  alumina 
surface  before  and  after  treatment  with  acetonitrile.   Two 
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Figure  4-4 .   The  FTIR  spectrum  of  %-alumina  before  treatment 
with  acetonitrile . 
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Figure    4-5 


The  FTIR  spectrum  of  activity  grade  I  %-alumina 
after  treatment  with  acetonitrile . 


119 

peaks  were  found  after  the  desorption  step,  one  at  2298  cm"1 
(A  =  0.04)  and  another  at  2257  cm-1  (A  =  0.15).  Healy  et  al. 
(1989)  measured  the  FTIR-DR  spectrum  of  acetonitrile  on 
S-alumina  and  assigned  one  band  at  2254  cm-1  to  the  cyano 
group  of  acetonitrile  and  another  at  2292  cm"1  to  a  complex 
formed  between  the  cyano  group  and  a  Lewis  acid  site.  These 
two  bands  are  seen  for  the  samples  analyzed  in  this  study  and 
the  absorbances  suggest  that  while  the  bulk  acetonitrile  is 
almost  completely  removed  (from  the  low  absorbance  of  the 
2257  cm-1  band) ,  the  Lewis-coordinated  species  (represented 
by  the  2298  cm-1  band)  also  remains  in  small  amounts.  If  it 
is  assumed,  however,  that  the  amount  of  carrier  adsorbed  is 
constant  for  all  samples,  the  relative  polarity  changes 
caused  by  different  alumina  pretreatment  conditions  can  be 
compared. 

Finding  a  carrier  solvent  that  does  not  appreciably 
modifiy  the  alumina  surface  is  difficult  because  of  the 
activity  of  the  aluminol  sites.  Infrared  spectroscopy  and 
heat  of  adsorption  data  have  shown  alcohols  to  form  strong 
hydrogen  bond  complexes  with  both  aluminol  and  Lewis  base 
sites  (Busca  et  al  .  ,  1985)  .  Chlorinated  solvents  cause 
problems  because  they  can  modifiy  the  alumina  matrix  and 
alter  the  surface  acidity  (Garbowski  and  Primet,  1987). 
Carbonyl-containing  solvents  undergo  aldol  condensation 
reactions  with  aluminols  and  polymerize  onto  the  surface 
(Perrin  and  Armarego,  1988) .   Acetonitrile  itself  is  somewhat 
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hydrolyzed  by  aluminols  and  can  be  misleading  if  used  as  a 
Lewis  acidity  probe  (Knozinger  et  al . ,  1975) . 

Erp(30)  surface  polarity  and  pretreatment  conditions 

Changes  in  the  polarity  of  the  surface  were  studied  as  a 
function  of  the  amount  of  water  added  for  deactivation  and 
the  activation  temperature.  As  stated  in  Chapter  I,  the 
surface  of  alumina  is  composed  of  hydrogen  bond  donating 
(also  Bronsted  acidic)  aluminols  and  Lewis  acidic  and  basic 
sites  consisting  of  aluminum  and  oxide  ions,  respectively. 
Adding  water  to  this  environment  can  increase  the  number  of 
aluminols  and  leave  molecular  water  hydrogen-bound  to  those 
aluminols  when  complete  reaction  has  occurred.  As  the  added 
water  builds,  the  ET(30)  values  should  sense  less  Lewis 
acidic  interaction  and  start  to  approach  the  polarity  of 
liquids.  By  thermally  exposing  alumina  under  vacuum,  on  the 
other  hand,  excess  water  is  removed  and  aluminols  are 
deprotonated  to  increase  the  number  of  Lewis  acid/base  sites. 
As  the  Lewis  properties  begin  to  dominate,  the  phenoxide  and 
pyridinium  groups  of  the  ET-30  molecule  should  become  more 
highly  associated  with  the  oppositely  charged  ionic  sites. 
The  charge-transfer  complex  would  be  destroyed  once  the 
energy  of  the  dipolar  alignment  begins  to  approximate  a 
stable  chemical  bond. 

In  order  to  fully  comprehend  the  activity  of  commercial 
chromatographic  alumina,  the  polarity  dependence  on 
temperature   was   studied   using   activity   grade   I   and 
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water-saturated  samples.  Figure  4-6  presents  the  ET(30) 
change  with  temperature  for  alumina  taken  directly  from  the 
manufacturer's  container.  The  polarity  increased  about  one 
kcal  from  120  to  220°C  and  plummetted  almost  two  kcal  once 
past  220°C.  This  behavior  is  not  consistent  with  anything 
previously  described  since  a  phase  transition  from  %  to 
K-alumina  should  not  occur  until  after  600°C.  Most 
chromatographic  aluminas,  however,  are  activated  at  300°C  or 
greater  before  packaging  (Misra,  1986;  Snyder,  1968)  and  many 
of  the  aluminol  sites  have  already  been  removed.  Further 
thermal  treatment  under  vacuum  could  have  accelerated  the 
transpiration  of  the  observed  phenomenon. 

By  saturating  the  alumina  with  water  before  executing  the 
polarity/temperature  study,  more  familiar  results  were 
obtained.  The  alumina  sample  was  soaked  in  excess  water  for 
24  hours  and  the  bulk  water  removed  by  vacuum  filtering 
before  proceeding  with  the  experiment .  Drying  this  new 
material  under  vacuum  at  temperatures  ranging  from  100  to 
600°C  produced  the  ET(30)  curve  seen  in  Figure  4-7.  The 
polarity  increased  by  more  than  three  kcal  from  100  to  450°C 
until  a  slight  decrease  occurred  at  600°C.  While  the 
decrease  at  600°C  is  probably  due  to  experimental  error,  this 
could  be  signaling  the  onset  of  a  %  to  K  phase  change  since 
this  is  the  reported  temperature  range  of  that  transition 
(Wefers  and  Bell,  1972) .  No  measurements  were  made  on  any 
samples  activated  higher  than  600°C  due  to  limitations  of  the 
method  with  respect  to  atmospheric  moisture. 
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Figure  4-6.  The  relationship  between  the  ET(30)  polarity  of 
the  surface  of  %-alumina  and  the  activation 
temperature  (alumina  was  used  directly  from  the 
commercial  container) . 
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Figure  4-7 .  The  relationship  between  the  ET  (30)  polarity  of 
the  surface  of  %-alumina  and  the  activation 
temperature  (alumina  was  saturated  with  water 
for  24  hours  and  vacuum-filter  dried  before 
use)  . 
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Alumina  phase  transitions  have  also  been  reported 
similarly  to  that  observed  in  this  work.  Ber.esi  and  Winquist 
(1978)  discovered  an  increase  in  pyridine-rr.easured  Bronsted 
acidity  up  to  250°C.  Between  250  and  550°C,  the  Bronsted 
acidity  became  constant  and  was  then  followed  by  a  linear 
decrease  between  600  and  800°C.  Mirroring  the  Bronsted 
acidity  was  the  Lewis  acidity,  which  was  at  a  negligible 
level  until  500°C  when  a  linear  increase  commenced.  Van 
Cauwelaert  and  Hall  (1970)  described  a  drop  in  the  degree  of 
hydroxylation  of  alumina  beginning  at  roughly  600°C.  This 
loss  of  aluminols  was  found  to  correspond  to  an  increase  in 
the  rate  constants  of  catalytic  conversion  reactions. 

The  polarity  profile  of  X_alumina  with  respect  to  added 
water  is  illustrated  in  Figure  4-8.  This  behavior  can  be 
described  by  the  equation: 


ET(30)  (kcal/mole)  =  68.40  -  0.2319%  +  0.007603%2  (4-1) 


As  the  water  content  of  the  alumina  increased,  the  ET(30) 
values  decreased  roughly  two  kcal  in  the  range  from  0  to  15% 
added  water.  Equation  4-1  is  valid  for  this  study  only, 
however,  and  should  not  be  fundamentally  viewed  as  applicable 
to  any  alumina  material.  This  type  of  behavior  is  similar  to 
the  drop  in  chromatographic  activity  (a)  seen  by  Snyder 
(1968)  .  Hendriksen  et  al  .  (1972)  measured  the  heat  of 
adsorption  (^ads'  °^  water  onto  y-alumina  and  observed  a 
decrease  in  that  parameter  as  water  was  added.   A  more 
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Figure  4-8.  The  relationship  between  the  ET(30)  polarity  of 
the  surface  of  X-alumina  and  the  weight  %  of 
water    added. 
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pronounced  decrease  in  a  and  qa<^s  resulted  between  0  and  3% 
than  seen  with  Em  (30)  ,  though,  but  the  magnitude  of  the 
initial  drop  in  polarity  at  low  water  content,  however, 
depends  on  the  original  activation  temperature  of  the  sample. 
Snyder's  data  was  reported  for  alumina  activated  at  400°C  and 
Hendriksen's  at  600°C.  If  the  polarity  of  the  160  or  220°C 
samples  of  Figure  4-6  are  used  as  the  0%  water  value,  the 
curve  is  much  more  steep  at  low  water. 

E-W3Cn  surface  polarity  and  chromatographic  retention 

Adsorption  liquid  chromatographic  (ALC)  retention  was 
related  ro  the  ET(30)  surface  polarity  of  the  %-alumina  used 
in  this  study.  Figure  4-9  shows  the  retention  of 
3 , 5-dinitroaniline  using  60  and  70%  (v/v)  chloroform  in 
hexane  as  the  mobile  phases.  The  polarity  values  for  the 
plots  were  obtained  by  equation  4-1  from  the  %  (w/w)  of  water 
added  to  the  alumina  for  deactivation.  Table  4-1  summarizes 
the  regression  data  obtained. 

ALC  retention  is  influenced  by  the  mobile  phase,  solute 
and  polarity  of  the  alumina.  At  each  mobile  phase 
composition,  the  capacity  factor  increased  as  the  surface 
became  more  polar,  as  seen  in  Table  4-1  by  the  positive 
slopes  of  the  regressions.  The  slopes  are  dependent  not  only 
on  the  mobile  phase  composition  but  the  basicity  of  the 
solute  as  well.  The  addition  of  a  nitro  functional  group  to 
4-nitroaniline  brings  about  a  slope  increase.  It  is  also 
noticable  from  the  correlation  coefficients  that  the  plots 
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Figure  4-9.  The  relationship  between  the  logarithm  of  the 
capacity  factor  of  3 ,  5-dinitroaniline  and  the 
ET(30)  polarity  of  the  surface  of  %-alumina. 
The  polarity  was  calculated  by  equation  4-1  from 
the  %  (w/w)  of  water  added  to  the  alumina. 
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using  70%  chloroform  are  more  linear  than  when  using  60%. 
This  may  be  due  to  water  deactivation  in  the  low  surface 
water  (high  surface  polarity)  range  since  these  measurements 
were  taken  on  the  same  analytical  column  immediately  after 
those  done  at  60%.  The  solvent  could  absorb  enough  water 
from  the  atmosphere,  even  after  a  short  period  of  time,  and 
alter  the  actual  polarity  of  the  alumina.  What  is  evident 
from  these  measurements,  however,  is  that  the  surface 
polarity  of  the  adsorbent  surface  plays  a  key  role  in  the 
retention  process  in  ALC .  Estimation  of  that  surface 
polarity  by  the  ET(30)  scale  could  then  be  a  convenient 
method  with  which  to  characterize  the  activity  of  the 
alumina . 

Solute  retention  in  adsorption  liquid  chromatography 
(ALC)  is  a  complex  function  of  interactions  taking  place  in 
the  mobile  phase  and  at  the  surface  of  the  stationary  phase. 
Snyder  and  Glajch  (1981)  discussed  using  a  displacement  model 
that  retention  is  affected  by  a  phenomenon  called  solvent 
localization .  A  competition  for  an  active  site  occurs  at  the 
surface  between  the  solute  and  solvent  molecules  and  the 
component  capable  of  stronger  interaction  with  the  active 
site  will  adsorb.  Based  on  a  partitioning  model,  Boehm  and 
Martire  (1980)  and  Jaroniec  and  Martire  (1986)  claimed  that 
the  chromatographic  solvent  forms  a  monolayer  interface  with 
the  stationary  phase  surface  with  which  the  solute  interacts. 
The  partitioning  effect  is  claimed  to  be  dependent  not  just 
on   solvent   localization,   but   also   on   solute-solvent 
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interactions  occurring  at  both  the  surface  and  in  the  bulk 
mobile  phase . 

Irregardless  of  whether  displacement  or  partitioning 
takes  place  at  the  surface,  it  is  generally  agreed  that  the 
amount  of  water  in  the  system  is  the  deciding  factor  for  the 
chromatographic  activity.  In  an  extensive  study  on  the 
effects  of  water  on  retention,  selectivity,  efficiency  and 
resolution,  Szepesy  et  al.  (1982)  showed  that  the  excessive 
presence  of  water  removes  all  activity  from  the  system. 
Rizzi  (1985)  discussed  qualitatively  that  interactions 
involving  water,  however,  are  more  influencial  in  the  mobile 
phase  than  at  the  stationary  phase  surface.  Excess  water 
adds  an  extra  dimension  to  the  adsorption  behavior  of  a 
surface  that  is  usually  difficult  to  approximate  by  most 
elaborate  theories.  An  empirical  polarity  technique  could, 
therefore,  provide  useful  information  regarding  the  water 
content  of  both  interactive  phases  and  water's  influence  on 
the  adsorptive  properties  of  solutes. 


CHAPTER   V 
CONCLUSIONS 


Summary    of   Research 

The  phenomenon  of  solvatochromism  has  been  used  as  a  tool 
with  which  to  study  retention  mechanisms  in  reversed-phase 
liquid  chromatography  (RPLC) ,  the  estimation  of  solute 
lipophilicity  by  chromatographic  methods  and  changes  in  the 
surface  activity  of  alumina  used  as  a  chromatographic 
adsorbent  and  catalyst.  Solvatochromism  is  a  unique  means  of 
relating  changes  in  the  polarity  of  a  chemical  environment  to 
changes  in  the  spectral  properties  of  a  probe  molecule. 
Polarity  is  defined  as  the  collection  of  intermolecular 
interactions  occurring  in  a  chemical  environment  resulting 
from  dispersion,  electrostatic,  hydrogen  bonding, 
charge-transfer  and  hydrophobic  forces .  While  it  would  be  an 
enormous  task  to  attempt  to  quantify  all  intermolecular 
interactions  that  occur  in  a  chromatographic  system,  an 
empirical  technique  like  solvatochromism  can  conveniently 
model  the  behavior  of  that  system  by  deciphering  the 
influence  of  those  interactions  to  which  the  probe's  spectrum 
is  sensitive.  The  reliability  of  solvatochromic  polarity 
scales,    however,     is    dependent    on   the    sensitivity   of    the 
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spectrum  of  the  probe  to  both  specific  and  nonspecific 
interactions,  and  these  methods  are  thus  termed  empirical . 

The  ET(30)  polarity  scale  was  the  solvatochromic 
technique  used  in  this  work.  This  scale  is  based  on  the 
visible  absorption  of  a  charge-transfer  complex  formed 
between  the  molecule  2  ,  6-diphenyl-4- ( 2 , 4 , 6-t riphenyl-N- 
pyridinio) phenolate  (ET-30)  and  a  solvent.  ET-30  is  the 
acronym  for  the  molecule's  name  and  Em  (30)  stands  for  the 
value  of  the  polarity  measurement  in  terms  of  the  electronic 
transition  energy.  The  visible  absorption  maximum  shifts  to 
shorter  wavelengths  when  the  polarity  of  the  solvent 
increases  and  this  band  has  the  most  sensitive  solvatochromic 
behavior  known  to  date,  going  from  453  nm  in  water  to  810  nm 
in  diphenyl  ether.  Spectra  of  ET-30  are  primarily  a  function 
of  the  dipolarity/polarizability  and  hydrogen-bond  acidity  of 
the  solvent  and  these  two  interactions  are  major  driving 
forces  in  chromatographic  systems. 

Retention  in  RPLC  has  been  studied  from  the  perspective 
of  the  ET(30)  polarity  of  the  mobile  phase  and  the 
significance  of  the  structure  of  the  stationary  phase 
solvation  layer  was  shown.  It  was  found  in  previous  work 
(Johnson,  1986)  that  retention  in  RPLC  is  more  linearly 
related  to  the  the  ET(30)  polarity  of  the  eluent  than  the 
bulk  volume  percent  of  the  organic  modifier.  While  log  k' 
versus  ET(30)  plots  provided  a  convenient  linearization  of 
complicated  phenomena,  the  information  inherent  in  the 
regression   coefficients   of   these   plots   needed   to  be 
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clarified.  To  determine  if  the  slopes  of  these  ET(30)  plots 
were  a  function  of  the  solvation  of  the  stationary  phase,  the 
retention  behavior  of  a  variety  of  solutes  was  measured  using 
a  homologous  series  of  normal  alcohols  (methanol,  ethanol, 
n-propanol)  as  the  modifiers  in  binary  hydroorganic  mobile 
phases.  The  results  imply  that  a  systematic  change  in  the 
extent  of  the  solvation  of  an  octadecyl-derivat ized 
stationary  phase  (C18)  occurs  with  respect  to  the  size  of  the 
organic  modifier,  but  this  relationship  exists  only  under 
specific  eluent  conditions.  An  organic  modifier  such  as 
n-propanol  can  saturate  the  RPLC  stationary  phase  surface  at 
a  composition  as  low  as  30%  (v/v)  in  water  and  working  above 
this  volume  fraction  produces  a  different  retention 
mechanism. 

Minimization  of  surface  solvation  effects  in  RPLC  was 
also  investigated  using  the  homologous  alcohol  modifiers. 
Retention  measurements  were  made  on  a  trimethyl-derivatized 
phase  (CI)  to  determine  if  solvation  effects  could  be 
normalized  for  all  solvent  systems.  No  conclusive  judgments 
could  be  made,  however,  because  of  unpredictable  chemistry  at 
the  Cl/mobile  phase  interface  due  to  the  pronounced  influence 
of  residual  surface  silanols. 

Another  observation  from  the  study  using  homologous 
organic  modifiers  in  RPLC  was  the  intercept  of  the  log  k' 
versus  Erp(30)  plots  at  the  polarity  of  water  yielding 
information  regarding  the  lipophilic  character  of  solutes. 
Plots  of  log  k1  versus  ET(30)   for  solutes  using  different 
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modifiers  were  found  to  intersect  near  the  ET(30)  polarity 
value  of  pure  water  of  63.11  kcal/mole .  The  extrapolated 
capacity  factor  in  water,  log  k'w,  is  a  useful  descriptor  of 
lipophilicity  because  it  measures  polar/nonpolar  partitioning 
in  the  absence  of  organic  modifier  effects.  Estimations  of 
log  k'w  using  extrapolations  of  plots  of  log  k1  versus  % 
organic  to  0%  have  gained  acceptance  as  a  hydrophobic 
screening  tool  for  solute  bioavailability.  The  ET(30) 
estimation  of  log  k'w  is  significant  because  extrapolation  of 
log  k'  versus  %  plots  to  0%  organic  have  not  proved  to  be 
completely  reliable  due  to  nonlinearity  of  log  k'  versus  % 
and  scatter  of  log  k'w  values  when  using  different  modifiers. 
Scatter  between  log  k'w  values  estimated  with  different 
modifiers  was  found  to  be  decreased  40%  when  using  the  Ern(30) 
model  relative  to  the  %  model.  A  chromatographic  mobile 
phase  strength  model  exploiting  intermolecular  interactions 
could  improve  the  estimation  of  solute  lipophilicity  by  RPLC. 
The  estimation  of  the  RPLC  lipophilicity  parameter,  log 
k'w,  was  further  examined.  Comparative  f igures-of-merit 
(FOM)  were  calculated  for  204  sets  of  retention  to  contrast 
the  %  and  ET(30)  models  of  mobile  phase  solvent  strength. 
Retention  data  were  obtained  from  this  work  plus  published 
reports  from  the  literature  (Johnson,  1986;  Lehtonen,  1984; 
Reymond  et  al . ,  1987;  Schoenmakers  et  al.,  1981).  The  FOM's 
were  correlation  coefficient,  the  scatter  of  log  k'w 
estimations  using  different  modifiers,  the  point  of 
intersection  of  log  k'  versus  solvent  strength  plots  for 
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different  modifiers  and  the  relative  value  of  the  95% 
confidence  interval  about  log  k'w.  Results  showed  that  the 
ET(30)  model  is  more  reliable  for  the  estimation  of  log  k1 
than  the  %  model  because  of  increased  statistical  confidence 
in  log  k'w  values  and  an  improved  description  of  the  RPLC 
partitioning  process. 

Correlations  were  done  relating  Eij.  (30) -est  imated  log  k1 
values  to  octanol-water  partition  coefficients  (log  Pow) .  It 
was  found  that  ET  (30) -est imated  log  k*  produced  a  more 
sensitive  scale  of  estimating  lipophilicity  than  %-estimated 
log  k'w.  This  was  evidenced  by  larger  slopes  of  ET(30)-log 
k'w  versus  log  PQW  plots  than  %-log  k'w  versus  log  PQW. 

The  ET(30)  polarity  scale  has  also  been  used  to  examine 
the  surface  polarity  of  chromatographic  alumina  with  the 
intent  of  developing  a  convenient  and  continuous  scale  to 
characterize  surface  activity.  This  would  be  a  useful  batch 
screening  method  for  large-scale  industrial  adsorbents  and 
catalysts  and  an  alternative  to  tedious  elution  procedures 
and  infrared  hydroxyl  quantitation.  Surface  activity  is 
usually  altered  by  changing  the  number  of  hydroxyl  sites 
present  through  thermal  activation  and/or  water  deactivation 
and  by  infecting  the  metal  oxide  structure  with  modifying 
ions.  The  ET(30)  scale  is  practical  for  studying  these  types 
of  surfaces  since  the  probe's  spectrum  is  dependent  on  forces 
that  are  predominant  on  metal  oxides — hydrogen  bond  acidity, 
Lewis  and  Bronsted  acidity  and  dipolarity.  UV-visible 
diffuse  reflectance  spectra  and  adsorption  isotherms  for  the 
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dye  on  X-alumina  have  been  obtained  and  it  was  found  that  the 
measured  polarity  of  the  surface  does  not  change  at  dye 
levels  below  400  mg  ET-30  added  per  kilogram  of  alumina.  The 
alumina  surface  was  more  polar  than  any  liquid  previously 
studied  due  to  enhanced  dipolarity,  hydrogen  bonding  and 
Lewis  acidic  interactions. 

Surface  polarity  was  investigated  as  a  function  of  the 
pretreatment  conditions  of  the  alumina  and  found  to  change 
with  the  amount  of  water  deactivation  as  well  as  thermal 
activation.  Due  to  the  removal  of  surface  hydration,  the  dye 
senses  a  more  polar  surface  as  surface  hydration  was  reduced 
through  decreased  added  water  and  increased  activation 
temperature.  It  was  found  in  other  work  (Lindley  et 
al.,1985)  that  the  dipolarity  of  the  surface  of  metal  oxides 
is  more  highly  influencial  than  hydrogen  bonding  and  this  is 
more  pronounced  at  higher  degrees  of  activation. 

ET(30)  surface  polarity  was  also  examined  for  the  purpose 
of  realizing  whether  chromatographic  activity  was  a  function 
of  the  bulk  polarity  of  the  stationary  phase.  Normal-phase 
retention  measurements  showed  an  increase  in  the  retention 
of  aromatic  amines  with  pre-chromatographic  surface  polarity. 
While  ALC  is  dependent  on  processes  occurring  in  the  mobile 
phase  and  at  the  stationary  phase,  this  work  presents 
evidence  that  the  activity  of  the  alumina  can  be  estimated  by 
the  solvatochromic  method.  Along  with  estimation  of 
chromatographic  activity,  this  method  could  also  be  used  to 
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assess  the  catalytic  activity  of  alumina  used  directly  as  a 
catalyst  or  a  catalyst  support. 

Suggestions  For  Future  Research 

Lipophilicity  estimations 

One  pitfall  of  the  ET (30)  scale  is  the  molecule  becomes 
completely  protonated  at  pH  values  less  than  7  to  hinder  the 
formation  of  the  charge-transfer  complex  with  the  solvent. 
This  limits  the  solvatochromic  RPLC  estimations  of 
lipophilicity  because  many  of  these  measurements  need  to  be 
done  when  attempting  to  model  partitioning  in  acidic 
biological  systems. 

Another  polarity  scale  that  could  be  used  is  the 
relatively  new  Ep (NR)  scale.  The  visible  fluorescence  maximum 
of  9-diethylamino-5H-benzo [a] phenoxazine-5-one  (Nile  Red) 
shifts  to  longer  wavelengths  as  the  polarity  of  the  solvent 
increases  (positively  solvatochromic) .  An  attractive  feature 
of  Nile  Red  is  the  formation  of  what  could  be  a  probe-solvent 
charge-transfer  complex  whose  visible  fluorescence  behaves 
solvatochromically  similar  to  the  absorption  of  the  complex 
formed  between  ET-30  and  a  solvent.  Figure  5-1  shows  the 
relationship  between  Ep  (NR)  and  Erp(30)  for  pure  solvents 
ranging  from  water  to  chloroform.  An  engaging  aspect  of  Nile 
Red  is  it  is  not  protonated  in  acid  so  that  polarity 
measurements  can  be  made.  For  binary  aqueous-organic 
mixtures,  Figure  5-2  illustrates  the  relationship  between  the 


138 


Polarity 


Ef(NR) 
(kcal/mole) 


45  50  55  60 

ET(30)(kcal/mole) 


65 


Polarity 


Figure  5-1.  The  correlation  between  the  Ep (NR)  polarity 
scale  and  the  ET(30)  polarity  scale  for  pure 
solvents  ranging  from  chloroform  to  water. 
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Figure  5-2.  The  correlation  between  the  EF (NR)  polarity 
scale  and  the  ET(30)  polarity  scale  for  binary 
aqueous-organic  mixtures.  The  organic  modifiers 
were  methanol  and  acetonitrile  and  aqueous 
portions  consisted  of  pure  water,  0.01  M  citrate 
buffer,  0.01  M  MOPS  buffer  and  66.6  mM  phosphate 
buffer.   All  buffers  were  at  a  pH  of  7.4. 
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two  polarity  scales  in  varying  compositions  of  organic-water 
and  organic-buffer  solutions  using  MOPS,  phosphate  and 
citrate  buffer  salts.  While  the  correlation  with  binary 
solutions  is  polynomial  in  nature,  the  Ep (NR)  values  of 
acidic  solutions  could  either  be  used  to  estimate  ET(30) 
values  or  substitute  for  ET(30)  as  an  RPLC  solvent  strength 
descriptor.  Reichardt  (1988)  has  successfully  used  this 
cross-correlation  approach  to  estimate  ET(30)  values  in  very 
nonpolar  solvents  (ie.  n-alkanes)  with  the  more  lipophilic 
ET-29 . 

One  potential  problem  with  employing  EF  (NR)  as  a 
substitute  for  ET(30)  for  acidic  electrolyte  solutions  is  the 
dependence  of  ET(30)  values  on  the  concentration  of 
electrolyte.  The  Nile  Red  molecule  is  not  zwitterionic  like 
ET-30  and  does  not  sense  small  changes  in  ionic  strength. 
EP (NR)  values  were  measured  in  50-50  mixtures  of  methanol 
with  pH  3.0  citrate  buffer  at  citric  acid  concentrations 
covering  over  2  orders  of  magnitude.  The  polarity  seen  by 
Nile  Red  did  not  change  at  all  from  final  citrate 
concentrations  of  0  to  0.50  M  (Figure  5-3).  Langals  (1987), 
however,  measured  the  polarity  of  solutions  of  acetic  acid 
modified  with  lithium  perchlorate  (LiClO^)  by  the  fluorescent 
"S  scale"  probe  4-amino-N-methylphthalimide  (4 AMP)  (Veselova 
et  al.,  1975)  (Figure  5-4).  They  found  the  S  polarity  to 
remain  constant  from  0  to  0.01  M  LiClO^  and  then  increase 
linearly  by  over  2  kcal/mole  out  to  1  .  60  M  LiClO^  .  Since 
Nile  Red  is  apparently  not  affected  by  electrolyte 
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Figure  5-3.  The  change  of  Ep (NR)  polarity  as  a  function  of 
the  concentration  of  citric  acid  in  a  buffer  of 
pH  3. 
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'igure  5-4 .   The  structure  of  the  solvatochromic  probe  4AMP 
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concentration  and  4AMP  is,  this  other  fluorescent  method  may 
be  a  useful  alternative. 

It  would  also  be  advantageous  to  produce  a  standard 
column  with  which  to  perform  RPLC  lipophilicity  estimations. 
As  was  stated  in  Chapter  III,  irreproducibility  in  log  k'w 
values  from  column-to-column  could  arise  from  differences  in 
the  bonding  chemistry  and  density  of  alkyl  ligands,  whether 
or  not  endcapping  was  done  and  differences  in  the  base  silica 
itself.  The  most  accessible  solution  to  this  problem  may  be 
to  use  a  high  bonding  density,  monomeric,  exhaustively 
endcapped  phase.  Retention  is  constant  at  bonding  densities 
greater  than  3.1  (Imole/m2  (Sentell,  1987),  encapping  reduces 
the  influence  of  residual  silanols  on  solute  retention  (Knox 
et  al.,  1988;  Cole  and  Dorsey,  1989)  and  monomeric  phases  are 
the  most  reproducibly  synthesized  (Sander  and  Wise,  1987) . 
By  using  a  very  short  (5  cm  or  less)  column  with  this  high 
carbon  load,  irrepoducible  log  k'w  values  may  be  overcome. 

One  last  direction  for  RPLC  lipophilicity  studies  may  be 
to  divert  from  correlations  with  log  PQW  and  try  using  real 
biological  partitioning  data.  The  only  hindrance  to  this 
approach  is  the  limited  avaiability  of  quality  data  with 
which  to  correlate.  Caution  must  be  exercised,  however,  as 
to  what  the  dependent  variable  would  be.  Biological  activity 
of  a  drug,  for  instance,  is  not  an  adequate  variable  since 
activity  is  not  just  a  function  of  hydrophobicity,  but  also 
enantiomeric  and  geometric  structure  (Nogrady,  1985)  . 
Specific  drug-receptor  interactions  could  be  modeled  if  a 
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stationary  phase  that  behaves  similar  to  a  well-characterized 
receptor  were  used. 


RPLC  retention  mechanisms 

The  role  of  the  polarity  of  the  interface  between  mobile 
and  stationary  phases  in  RPLC  could  be  more  thoroughly 
studied.  As  was  stated  in  Chapter  I,  the  work  of  Carr  and 
Harris  (1986)  was  limited  in  that  the  probe  pyrene  is  not 
sensitive  to  hydrogen  bonding  interactions.  ET-30  has  been 
proposed  as  a  probe  for  this  purpose  (Johnson,  1986)  by 
measuring  the  diffuse  reflectance  spectrum  of  the  dye  on  the 
packing  in  the  presence  of  mobile  phase.  This  work  was 
attempted,  but  the  diffuse  reflectance  signal  of  the  dye  in 
the  visible  region  of  the  spectrum  was  not  detectable  by  the 
instrument  when  the  dye  was  not  overloaded  on  the  support. 
Overloading  produces  a  purple  color  that  is  probably  due  to 
precipitation  of  the  dye  onto  itself  (solid  ET-30  is  purple) . 
By  visual  inspection  of  low  levels  of  the  dye,  however,  a 
faint  mint-green  color  could  be  seen  when  the  dye  was  in 
contact  with  a  C18  surface  in  the  presence  of  50%  methanol  in 
water  mobile  phase.  This  suggests  a  polarity  approximating 
that  of  acetone  at  the  interface. 

Because  it  behaves  solvatochromically  similar  to  ET-30, 
Nile  Red  would  be  a  useful  alternative  for  examining 
reversed-phase  interfaces.  Since  it  is  fluorescent,  there 
are  no  problems  with  signal  even  at  low  levels  if  a  high 
power  xenon  source  is  used.   Nile  Red  has  also  been  used  as  a 
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probe  of  hydrophobicity  for  proteins  (Sackett  and  Wolff, 
1987)  and  reversed  micelles  (Sahyun,  1988)  and  the 
fluorescence  is  enhanced  as  the  hydrophobicity  of  the 
environment  increases.  Therefore,  very  small  amounts  of  the 
dye  would  be  necessary  to  measure  the  polarity  and  produce 
almost  absolute  surface  polarity  data. 

Preliminary  work  has  been  done  with  adsorbing  Nile  Red 
onto  C18  silica.  An  endfitted  glass  tube  was  packed  at  1000 
psi  with  stationary  phase  material  and  a  plug  of  Nile  Red 
applied  with  50%  methanol.  The  "column"  was  positioned  into 
the  sample  chamber  of  a  spectrof luorimeter  and  the  emission 
collected  using  an  excitation  wavelength  of  550  nm  at  a  low 
eluent  flow  rate  (Figure  5-5)  .  The  maximum  of  this 
transition  was  626  nm,  which  corresponds  to  the  EF(NR) 
polarity  of  n-propanol .  If  a  more  leak-proof  "column"  is 
constructed  and  packing  performed  under  higher  pressures, 
extremely  small  differences  in  surface  polarity  could  be 
detected. 

Many  experiments  could  be  done  with  this  type  of  work. 
Interface  polarity  could  be  examined  for  systems  using 
stationary  phases  of  different  ligand  and  bonding  density  as 
well  as  studying  endcapping  effects.  This  may  lead  to  a 
direct  means  of  characterizing  the  retentivity  of  columns 
with  only  a  few  spectroscopic  measurements.  The  effects  of 
different  modifiers  and  temperature  would  also  be 
discernable,  even  though  there  could  be  problems  with  low  dye 
capacity  when  using  strong  eluent  conditions. 
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Examination  of  alumina 

The  best  application  of  using  solvatochromism  for  metal 
oxide  surfaces  would  be  for  batch  analysis  of  the  quality  of 
the  material  before  use  as  a  large-scale  adsorbent  or 
catalyst.  While  there  was  a  trend  seen  with  respect  to  ALC 
retention,  it  is  not  certain  whether  any  fundamental 
information  can  be  derived  from  these  experiments.  Retention 
in  ALC  is  not  quite  as  complicated  as  RPLC  but  attempting  to 
describe  the  behavior  of  the  system  by  just  the  polarity  of 
the  stationary  phase  (like  in  gas  chromatography)  may  not  be 
adequate,  especially  since  the  water  content  of  the  adsorbent 
is  difficult  to  control.  This  method  is  useful,  though,  for 
pre-use  analysis  and  could  be  extended  to  evaluate  other 
metal  oxides  that  are  commonly  used  in  process  chemistry, 
like  zeolites,  magnesium  oxides  and  silicas. 

To  counter  the  problem  of  residual  carrier  solvent 
effects,  supercritical  fluids  may  be  a  reasonable 
alternative.  Berger  et  al.  (1989)  have  shown  that 
packed-column  supercritical  fluid  chromatography  (SFC)  using 
alumina  or  silica  is  limited  by  the  weak  interactions  between 
the  stationary  phase  and  nonpolar  carbon  dioxide.  He  found 
that  by  adding  polar  modifiers,  like  trif luoroacetic  acid  or 
tetramethylammonium  hydroxide  with  methanol,  improves  SFC 
performance.  Since  supercritical  fluids  are  so  nonpolar  and 
usually  very  dry,  they  would  not  modify  the  metal  oxide 
sample.  All  that  remains  is  finding  another  suitable  probe 
for  the  study,  because  ET-30  is  not  soluble  in  supercritical 
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carbon  dioxide.  Berger  and  Deye  (1989)  have  used  Nile  Red  as 
a  polarity  probe  in  supercritical  fluids  and  perhaps  this 
probe,  as  well  as  4AMP  should  be  investigated. 


APPENDIX  A 
RETENTION  AND  REGRESSION  DATA  FOR  CHAPTER  II 


Key  To  Symbols 
PNP  =  p-Nitrophenol  PNA  =  p-Nitroanisole 

BP  =  Benzophenone  NAPH  =  Naphthalene 

N02B  =  Nitrobenzene  BA  =  Benzylamine 

MeB  =  Toluene  EtB  =  Ethylbenzene 

PrB  =  n-Proovlbenzene         BuB  =  n-Butylbenzene 
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APPENDIX  B 
RETENTION  DATA  TAKEN  FROM  LITERATURE  FOR  CHAPTER  III 


Key  To  Symbols 
THF  =  Tetrahydrofurfuryl- 
TTMCH  =  trans-3, 3, 5-Trimethylcyclohexyl- 
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APPENDIX  C 
REGRESSION  AND  FIGURE-OF-MERIT  DATA  FOR  CHAPTER  III 


Key  To  Symbols 

MeOH  methanol 

ACN  acetonitrile 

EtOH  ethanol 

r  correlation  coefficient 

log  k'w  capacity  factor  of  a  solute  using  unmodified 

aqueous  mobile  phase 

95%  CI  95%  confidence  interval  of  regression  at 

log  k'w 

RCI  95%  confidence  interval  at  log  k'w  relative 

to  log  k'w  [RCI  =  (95%  CI) /log  k'w] 

Delta  log  k'w  difference  between  log  k'w  values  for  a 
solute  estimated  using  two  different  organic 
modifiers 

Intersect  ordinate  axis  intersection  point  between 
regressions  for  a  solute  using  two  different 
organic  modifiers 

THF  Tetrahydrofurfuryl- 

TTMCH  trans-3, 3, 5-Trimethylcyclohexyl- 
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APPENDIX  D 
BASIC  COMPUTER  PROGRAM  POLYCONFINT 


5  REM  ALL  CALCULATIONS  WERE  TAKEN  FROM  DRAPER  AND  SMITH, 

"APPLIED  REGRESSION  ANAYSIS",  2ND  ED.,  WILEY,  1981 

10  PRINT  "THIS  PROGRAM  CALCULATES  CONFIDENCE" 

20  PRINT  "INTERVALS  FOR  POLYNOMIAL  FITS  OF" 

30  PRINT  "LOG  K1  VS.  %  ORGANIC  DATA" 

35  PRINT: PRINT: PRINT 

4  0  INPUT  "SOLUTE=  ";B$ 
50  INPUT  "MODIFIER=  ";C$ 
55  PR#2 

60  PRINT  B$;"  USING  ";C$ 

70  PR#0 

80  REM  DATA  ENTRY  AND  CONSTRUCTION  OF  X  &  Y  MATRICES 

100  INPUT  "NUMBER  OF  DATA  POINTS?  ";N 

110  M=N-1 

120  DIM  Y(M,1)  :DIM  X(M,1)  :DIM  XM(M,3)  :DIM  XT(3,M)  : 

DIM  YT(1,M)  :DIM  CY(1,1)  :DIM  CX(3,3)  :DIM  IM(3,3)  : 

DIM  DX(3,M) 

140  1=0 

160  FOR  J=0  TO  M 

180  INPUT  "Y  VALUE?  ";Y(J,I) 

200  INPUT  "X  VALUE?  ";X(J, I) 

220  NEXT  J 

225  PR#2 

230  PRINT :PRINT  "LOG  K'","%  ORGANIC" 

240  FOR  J=0  TO  M 

260  PRINT  Y(J,I)  ,X(J,  I) 

280  NEXT  J:PRINT 

290  PR#0 

300  REM  CONSTRUCT  X  POLYNOMIAL  MATRIX 

5  60  K=0:FOR  1=  0  TO  2 : FOR  J=  0  TO  M 
580  IF  1=0  THEN  XM(J,I)=1 

585  IF  1=1  THEN  XM ( J, I) =X ( J, K) 

590  IF  1=2  THEN  XM ( J, I) = (X ( J, K) ) "2 

600  NEXT  J: NEXT  I 

680  REM  FIND  TRANSPOSES  OF  X  POLYNOMIAL  MATRIX  AND  Y  MATRIX 

750  1=0 

7  60  FOR  J=0  TO  M 

780  YT(I,  J)=Y(J,  I) 

800  NEXT  J 

84  0  FOR  J=0  TO  M:FOR  1=0  TO  2 

860  XT(I,  J)=XM(J,  I) 

880  NEXT  I: NEXT  J 

910  REM  CALCULATE  THE  COVARIANCE  MATRICES  YTY  &  XTX 

94  0  K=0:I=0:FOR  J=0  TO  M 
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960  CY(I,K)  =  (YT(K,  J)  *Y(J,  I)  )+CY(I,K) 

980  NEXT  J 

1080  FOR  K=0  TO  2: FOR  1=0  TO  2 : FOR  J=0  TO  M 

1100  CX(I,K)  =  (XT(K,  J)  *XM(J,  I)  )+CX(I,K) 

1120  NEXT  J:NEXT  I:NEXT  K 

1160  REM  INVERSION  OF  MATRIX  XTX  ROUTINE 

1180  REM  IDENTITY  MATRIX 

122  0  FOR  1=0  TO  2 : FOR  J=0  TO  2 

1240  IM(I,  J)=0:IM(I,  I)=l 

12  60  NEXT  J: NEXT  I 

1280  REM  LOOK  FOR  NONZERO  ELEMENTS  IN  COLUMN  J 

12  90  PRINT: PRINT  "THIS  IS  THE  INVERSION  OF  XTX" 

130  0  FOR  J=0  TO  2: FOR  I=J  TO  2 

1320  IF  CX(I,J)<>0  THEN  GOTO  1380 

1340  NEXT  I 

1360  PRINT:PRINT  "THE  MATRIX  IS  SINGULAR" : GOTO  1860 

1380  FOR  K=0  TO  2 

1400  S5=CX(J,K)  :CX(J,K)=CX(I,K)  :CX(I,K)=S5 

1420  S5=IM(J,K)  :IM(J,K)=IM(I,K)  :IM(I,K)=S5 

1440  NEXT  K 

1460  I=J:Z=CX(J, J) 

1480  FOR  K=0  TO  2 

1500  CX(J,K)=CX(J,K)  /Z:IM(J,K)=IM(J,K)  /Z 

1520  NEXT  K 

1540  FOR  K=0  TO  2 

1550  IF  J=K  THEN  1630 

1580  Z=CX(K,J) :FOR  L=0  TO  2 

1600  CX(K,L)=CX(K,L)-CX(J,L)  *Z 

1620  IM(K,L)=IM(K,L)-IM(J,L)  *Z 

1625  NEXT  L 

1630  NEXT  K 

1635  NEXT  J 

164  0  FOR  1=0  TO  2: FOR  J=0  TO  2 

1660  PRINT  IM(I,J):NEXT  J:NEXT  I 

1670  PRINT :PRINT  "THIS  IS  THE  IDENTITY  MATRIX" 

1680  FOR  1=0  TO  2: FOR  J=0  TO  2 

1690  PRINT  CX(I,J):NEXT  J:NEXT  I 

1860  REM  CALCULATE  POLYNOMIAL  REGRESSION  COEFFICIENTS 

1880  REM  MAKE  ( (XTX) "-1) XT  MATRIX 

1930  FOR  K=0  TO  M 

194  0  FOR  1=0  TO  2: FOR  J=0  TO  2 

1960  DX(I,K)  =  (IM(I,  J)  *XT(J,K)  )+DX(I,K) 

1980  NEXT  J 

2000  NEXT  I. -NEXT  K 

2020  REM  MAKE  COEFFICIENT  MATRIX  P 

2030  PR#2 

2040  DIM  P  (3, 1)  :PRINT:PRINT  "THIS  IS  THE  COEFFICIENT  MATRIX 

(A,B,C)  " 

2060  FOR  1=0  TO  2 : FOR  J=0  TO  M:K=0 

2080  P(I,K)  =  (DX(I,  J)  *Y(J,K)  )+P(I,K) 

2100  NEXT  JrPRINT  P(I,K) 

2120  NEXT  I 

2140  PR#0 

2150  REM  CALCULATE  VARIANCE  OF  THE  REGRESSION 

2160  DIM  PT(1,3) 
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2180  J=0:FOR  1=0  TO  2 

2200  PT(J, I)=P (I, J) 

2220  NEXT  I 

2240  REM  THIS  IS  THE  PATXAT  MATRIX 

2280  DIM  EX(1,M) 

2300  1=0: FOR  K=0  TO  M:FOR  J=0  TO  2 

232  0  EX(I,K)  (PT(I,  J)  *XT(J,K)  )  +EX(I,K) 

2340  NEXT  J:NEXT  K 

2360  REM  THIS  IS  THE  PATXATY  MATRIX 

2380  DIM  EY(1, 1) 

2420  I=0:K=0:FOR  J=0  TO  M 

24  4  0  EY(I,K)  =  (EX(I,  J)  *Y(J,  I)  )  +EY(I,K) 

2460  NEXT  J 

24  80  REM  THIS  IS  THE  VARIANCE 

2500  I=0:J=0 

2520  YY=CY(I, J) :FY=EY(I, J) 

2540  S2=(TT-FY) / (N-3) 

2560  PRINT:PRINT  "VARIANCE (LOG  K')=  ";S2 

2580  REM  CALCULATE  95%  CONFIDENCE  INTERVAL  AT  A  SPECIFIED  : 

ORGANIC 

2590  REM  XA0  MATRIX 

2600  DIM  XO(3,l) :DIM  OT(l,3) :DIM  FX(1,3) :DIM  GX(1,1) 

2610  DIM  KW(1, 1) 

2  62  0  INPUT  "DESIRED  %  VALUE?  ";P 

2  64  0  1=0: FOR  J=0  TO  2 

2660  IF  J=0  THEN  XO(J,I)=l 

2680  IF  J=l  THEN  XO(J,I)=P 

2700  IF  J=2  THEN  XO ( J, I)  =  (P) A2 

2720  NEXT  J 

2730  REM  MAKE  XAOT  MATRIX 

2740  I=0:FOR  J=0  TO  2 

2760  OT(I,  J)=XO(J,  I) 

2780  NEXT  J 

2800  REM  MAKE  (XA0TXATX)  A-l  MATRIX 

282  0  K=0:FOR  J=0  TO  2 : FOR  1=0  TO  2 

284  0  FX(K,  J)  =  (OT(K,  I)  *IM(I, J)  ) +FX  (K,  J) 

2860  NEXT  I:NEXT  J 

2880  REM  MAKE  (XA0T (XATX) A-l ) XA0  MATRIX 

2  900  K=0:I=0:FOR  J=0  TO  2 

2  92  0  GX(I,K)  =  (FX(I,  J)  *XO(J,K)  )  +GX(I,K) 

2  94  0  NEXT  J:XX=GX(I,K) 

2960  R=(XX*S2) A (1/2) :PRINT  "TOTAL  VARIANCE=  " ; R 

2  980  REM  CALCULATE  PREDICTED  LOG  K1 

3000  K=0:J=0:FOR  1=0  TO  2 

302  0  KW(J,K)  =  (OT  (K,  I)  *P  (I,K)  )  +KW(J,K) 

3040  NEXT  I:PK=KW(J,K) 

3050  PR#2 

30  60  PRINT: PRINT  "PREDICTED  LOG  K'=  " ;PK 

3070  PR#0 

3080  REM  CALCULATE  CONFIDENCE  INTERVAL  ABOUT  PREDICTED  LOG  K' 

3100  INPUT  "STUDENT'S  T  VALUE:  " ; T 

3110  CI=(T*R) 

3120  PR#2 

314  0  PRINT  "CONFIDENCE  INTERVAL=  ";CI 

3160  PRINT  "AT  ";P;"%  ORGANIC" 
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3165  PRINT 

3170  PR#0 

3180  INPUT  "ANOTHER  SOLUTE? (Y  OR  N)  ";A$ 

3200  IF  A$="Y"  THEN  GOTO  40 

3220  IF  A$="N"  THEN  GOTO  3240 

3240  INPUT  "ANOTHER  LOG  K'  PREDICTION  PERHAPS? (Y  OR  N) 

3260  IF  D$="Y"  THEN  GOTO  3300 

3280  IF  D$="N"  THEN  END 

3300  1=0 : J=0:GX(I, J)=0 :KW(I, J)=0 

3320  FOR  K=0  TO  2 

3340  XO(K,  J)=0:OT(J,K)=0:FX(J,K)=0:NEXT  K 

3360  T=0:PK=0:R=0:XX=0:CI=0:GOTO  2620 


;D$ 
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